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Abstract  
 
Reconstruction of a tendon following rupture is surgically challenging as each 
end of the tendon retracts leaving a substantial gap so that direct repair is often 
not feasible. To restore function, a tendon graft is required to bridge this defect 
and presently these gaps are filled with auto-, allo- or, synthetic grafts but they 
all have clinical limitations. To overcome this problem, tissue engineered 
collagen grafts were developed by a rapid process using compressed cell 
seeded type I collagen. Previously these constructs were tested in vivo in 
intercostal spaces of a lapine model to test immunocompatibility but material 
properties of the tissue engineered collagen grafts are currently unsuitable to 
withstand complete load bearing in vivo. A modified suture technique was 
developed to physiologically withstand and off load the tissue engineered 
collagen graft to aid integration in vivo. This modified suture method allowed 
only partial load to be transferred onto the tissue engineered collagen graft. 
Lapine tendons were used to test mechanical strength of repairs and a stress 
model was built. The break point for modified suture technique with tissue 
engineered collagen graft in situ was significantly higher compared to standard 
modified Kessler suture technique. To test the effect of the partial load on 
tenocytes, mechanobiology was studied under static and 10% cyclic loads 
using custom designed tensioning culture force monitors with immunohistology 
and matrix remodelling gene expression as quantifiable outcomes. Tendon 
fibroblast seeded tissue engineered collagen grafts were tested in vivo in a 
lapine model up to 12 weeks without immobilization. The gross observation at 
3 and 12 weeks showed bridged integration of the graft without any adhesion 
with significant increase in the mechanical properties for 3 and 12 weeks as 
compared to 1 week. Histological analysis showed that tendon fibroblasts from 
the native tendon were able to migrate into the graft with higher collagen 
remodelling and graft maturation at 12 weeks as compared to 3 and 1 week. 
Insertion of tissue engineered collagen graft using a novel load bearing suture 
technique which partially loads in vivo showed integration, greater mechanical 
strength and no adhesion formation in the time period tested and it has 
inherent advantages as compared to the present day tendon grafts. 
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1 Introduction 
  
 
1.1 Tendon  
 
Tendon is a fibrous connective tissue which is anatomically arbitrated between 
muscle and bone to withstand physiological loading during muscle contraction 
and provide stability to the body(Franchi et al., 2007).  Tendons have the 
property to alter its physical and mechanical function depending upon stress on 
them by tissue mechanical adaption mechanism and its mechanobiology plays a 
vital role in tendon healing and regeneration (Thomopoulos, 2011, Killian et al., 
2012, Wang et al., 2012).  Each tendon has distal and proximal ends, a tendon –
muscle junction called a musculotendinous junction (MTJ) and tendon-bone 
interface called an osteotendinous junction (OTJ) (Kannus, 2000).  
 
1.1.1 Tendon rupture and Clinical manifestation   
 
 
Worldwide, 3-5 million and in the United Kingdom, half a million people suffer 
from work related tendon and joint disorders (Bullough et al. 2008, HSE, 2012). 
Tendon ruptures may occur due to extrinsic factors such as traumatic 
lacerations, excessive loading of the tendon or intrinsic factors which include 
genetic factors such as degeneration of tendon (Koob, 2002).  Clinical diagnosis 
of  a ruptured  tendon is manifested by ‘Simmonds test’  ( lower limb 
examination performed for diagnosis of Achilles tendon rupture by  movement of  
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Plantar flexion  ) or by an ‘O’Brien test’ ( performed on glenohumeral joint by 
flexing shoulder in 90° degrees and abducting the arm in 10° degree to sagittal 
plane for diagnosis of tendon tear/rupture) and also with diagnostic imaging 
tools such as ultrasonography, Magnetic resonance imaging (MRI) and 
radiographs (Starkey et al., 2009). 
 
1.1.2 Structure of tendon  
 
 
Tendon is a multi- hierarchical structure composed of collagen fibrils, which is 
the primary source of tensile strength of the tendon. These fibrils have average 
diameters of 10 to 500 nm, depending upon species and age with constant D 
periodicity of 67 nm and few millimetres in length. In early development, fibrils 
have unimodal diameter distribution but in old age, fibrils are matured and have 
bimodal distribution (Canty and Kadler, 2005, Moore and De Beaux, 1987). 
Lateral fusion of these collagen fibrils with parallel alignment form next level of 
tendon structure called tendon fibres (Figure 1), which is the basic microscopic 
unit in the tendon and it can be tested mechanically (Franchi et al., 2007, 
Curwin, 1997, O'Brien, 1997). The diameter of the rat tail collagen fibres is 
between 5 µm to 30 µm(Angel and Gheorghe, 1985) whereas human tendon 
fibres diameter is ~300 µm and arranged in fasciculi, where collagen 
concentration is directly proportional to the diameter of the fibres  (Elliott, 1965). 
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Figure 1 Showing  schematic multiunit hierarchical structure  of  the 
tendon, such as collgen fibril, composed to form collegen fibre whose 
architecture bundle up to form primary, secondary and tertiary fascicles 
enclosed by epiteneon. Image adapted and modified from 
(eOrthopod.com, 2015). 
 
This fibrous bundle, composed of collagen fibrils, forms tendon fascicles that are 
enclosed by epitenon, which is also called tendon sheath. This sheath contains 
nerve, lymphatic and vascular supply to the tendon (Kastelic et al., 1978, Wang, 
2006). 
Collagen constitutes about 60% of dry weight of the tendon out of which ~ 95% 
is type I collagen and it is formed due to heterotrimeric nature of two identical 
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chains. These chain are α1 (I) chain and α2 (I)-chain composited in to collagen 
type III and/or collagen type V as well as the remaining 5% of collagen 
(Fleischmajer et al., 1990, Elliott, 1965, Gelse et al., 2003, Wang, 2006).  
Collagen type II, IX,X, XI,XII is found  in trace amount whereas collagen type X 
is found in the mineralised zone of tendon-calcaneus junction(Fukuta et al., 
1998). In the developing stage, collagen III is found in the fascicles and they 
become larger but as tendon matures over a period of time, a decrease in 
collagen III expression is associated with increase fibril diameter. On the other 
hand, collagen V does not play any role in fibril diameter during the development 
stage(Birk and Mayne, 1997).  Collagen III is not a major component in the 
normal tendon but during healing process, it forms rapid crosslinks and 
stabilises repair site (Liu et al., 1995). Collagen XII provides gliding lubricant for 
collagen I fibrils during locomotion (Walchli et al., 1994). 
In tendon, specialised residing fibroblast, called tendon fibroblast (TF), which 
maintain  homeostasis by regulating  ECM turnover, increases tensile strength 
and cross linked areas of the tendon (Wang, 2006, Killian et al., 2012). Overall 
cell count in the tendon is less as compared to other tissues but cellular 
contractions involving cytoskeletal system, which exert force on the ECM, are 
essential for tendon healing (Liu et al., 2010, Dahlmann-Noor et al., 2007). 
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1.1.3 Mechanical properties of tendon  
 
 
Tendon is a fibrous structure, whose viscoelastic properties and cross sectional 
area contributes to its mechanical properties. It has been reported that in the 
elite athletes, 1 cm2 of cross section area of Achilles tendon can bear 500-1000 
kg weight before rupture (Kongsgaard et al., 2005).  
 
Figure 2 showing mechanical stress and strain pattern in a tendon under 
applied force Adapted and reproduced from (Wang, 2006). 
 
The mechanical testing of tendon under applied force forms the toe region in a 
stress strain curve when they are 2% strained (Wilmink et al., 1992).When 
tendons are stretched up to 4% strain, then collagen fibres lose their crimp 
pattern and form a linear region on the stress-stain curve (Figure 2). The area 
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under curve (i.e. slope), yields a Young’s modulus for the tendon (Butler et al., 
2000) and reaches up to their elastic limits. Above 4% strain, nature of tendon 
changes from elastic to rigid, which is a time dependent phenomenon against 
force. Therefore, at a high loading rate, they absorb less energy and become 
more brittle, which results in rupturing of individual collagen fibres (Fyfe and 
Stanish, 1992, Maquirriain, 2011). Above 8-10% strain, macroscopic failure 
leads to tendon rupture (Butler et al., 1978). It should be noted that these 
mechanical properties vary from tendon to tendon. Additionally, it has been 
reported that avian flexor tendons can strain up to 14% (Devkota and Weinhold, 
2003). 
 
1.1.4 Tendon healing  
 
 
Tendon healing has three distinctive stages: inflammation, proliferation and 
remodelling (Sharma and Maffulli, 2005). The inflammatory stage initiates 
immediately after injury to 1 week  in this phase migration of immune cells such 
as neutrophils, monocytes, and macrophages through chemotactic factors 
occurs(James et al., 2008). The proliferative phase begins from week 1 to week 
3 (Figure 3). In this phase neo collagen is synthesised by fibroblasts at this point 
collagen III synthesis also increases with high number of cellular network  at the 
repair site (Garner et al., 1989).  The remodelling phase occurs between 8-10 
weeks which results in reduced cellularity and increase in synthesis of collagen 
type I. The remodelling within collagen leads to improvement in the 
biomechanics (James et al., 2008). 
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Figure 3 Showing mechanism of tendon healing at 1 week, where 
phagocytic activity with fibroblast migration increases, called an 
inflammation stage. 3 week collagen synthesis occurs with fibroblast 
proliferation called the proliferation stage and by 12 weeks, the 
remodelling stage, with collagen maturation and reduced fibroblast 
activity is completed. Image adapted and modified from  (Strickland, 2000).  
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Eventually after tendon healing, remodelled tendon never restores architecture 
and biomechanical properties to that of native tendon (Sharma and Maffulli, 
2005, Almekinders and Almekinders, 1994). A primary reason for this is poor 
vascular and nutrient supply to tendons which affects  remodelling process 
(Sharma and Maffulli, 2005).  
 
 
1.1.5 Current treatment for tendon repair 
 
 
Current treatment for the tendon rupture includes non- surgical and surgical 
management.   In 1918, Bunnell proposed that ruptured tendon should not be 
repaired and instead, it should be excised and replaced with a tendon graft 
(Bunnell, 1918). In 1960s, it was reported that tendon should be repaired with 
primary techniques (Verdan, 1960). Since then, various methods have been 
deployed to manage tendon rupture injury. Non-surgical treatments are 
preferred for less active patients or those with a chronic medical condition, 
hence preventing them from surgical intervention (Soroceanu et al., 2012). 
Surgical management of ruptured tendon is challenging as tendon healing 
involves change in the structural, nutritional and biochemical proprieties, as well 
as adhesion formation in the tendon, which has significant clinical effect 
(Strickland, 1995a). Various suture techniques have been used to repair tendon 
because post tendon repair, the mechanical strength of repaired tendon graft is 
entirely dependent on the suture technique and the material rather than on the 
tendon/tendon graft (Ketchum, 1985, Lawrence and Davis, 2005). 
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Suture techniques should have secure suture knots that are easily placed in the 
tendon with minimal gapping at repair site, a smooth juncture between repaired 
tendons, minimal damage to tendon vascularity and sufficient strength on the 
sutures until healing occurs at the repair site (Strickland, 1995b, Strickland, 
2000). 
To repair tendon rupture, till the 1980s, 2- strand repairs were widely used but 
recent surgical literature describes use of 4- strand, 6-strands or even 8-strands 
(Strickland, 2000, Moriya et al., 2014). In 1985, Savage described 6-strand 
suture techniques with 6 anchor points and it was significantly stronger than 
Bunnell suture technique which uses 4- strands (Savage, 1985).  Also, 8- strand 
repairs are 43% stronger than other strands in cadaver and in situ models but 
these repairs are not widely practised.(Uslu et al., 2014, Osei et al., 2013, 
Dovan et al., 2003, Silva et al., 1998). Therefore more the number of core suture 
strands, the more an increase in biomechanical properties of the repaired 
tendon. However, this can affect cellularity around suture points and excessive 
damage to the tendon, which can compromise tendon healing (Wong et al., 
2010). 
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Figure 4 showing some standard core suture techniques used for tendon 
rupture. Images adapted and modified from(Strickland, 2000). 
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In the event of tendon rupture, it is not feasible to perform direct repair because 
tendons are usually under physiological tension and following rupture, the ends 
of the tendon retract leaving a gap either between the torn tendon ends or its 
bony ends. Therefore, to fill this deficit, tendon grafts are currently used. 
 
1.2 Current grafting treatment for tendon rupture  
 
 
1.2.1 Autograft 
 
 In tendon, the use of autograft is choice for the quadruple, hamstring, patellar 
and quadriceps tendon. In many studies, anterior cruciate ligament (ACL) 
reconstruction has been performed by using quadriceps tendon and hamstring 
tendon autografts, with minimum bone loss (Paessler and Mastrokalos, 2003, 
Williams et al., 2005). Although reconstruction of ACL with autograft is safe, 
reproducible and immunocompatible (Slone et al., 2015) but  long-term 
functional outcome has not yet been evaluated.  
On the other hand, the process of autograft harvesting can cause nerve 
damage, blood loss, risk of infection, immobilisation and along with this, a 
combination of issues referred to as donor site morbidity (Niklason, 2000).   
 
1.2.2 Allograft  
 
 
Allografts have an advantage as they do not cause donor site morbidity. 
However, this method is not widely practiced in the United Kingdom because of 
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lack of suitable donors and risk of disease transmission (Nutton et al., 1999). 
Tendon allografts are harvested either from cadavers or organ donors and 
include Achilles, tibialis anterior, tibialis posterior, rotator cuff, patellar, 
semitendinous and gracilis tendon grafts (Robertson et al., 2006). Although it 
reduces surgical time, the graft has to be tested for viral, bacterial and fungi 
contaminants before transplantation.  
Sterilisation prior to transplantation is achieved either by Ethylene Oxide (EO) or 
gamma radiation. Sterilisation with EO is used to sterilise medical devices and it 
is effective on bacteria and viruses (Phillips and Kaye, 1949). However, EO and 
its residues caused tendon allograft failure in 22% patients in a clinical study 
(Roberts et al., 1991) and a higher IL-1 production, which caused inflammation 
of bone-patellar tendon-bone complex as compared to the control in an in vitro 
study (Silvaggio et al., 1993). Gamma radiation is most effective on bacteria and 
most of tissue banks in the UK use 1 to 3.5 Mrad for bacterial and 4.0 Mrad 
gamma radiations for viruses such as HIV (Vangsness et al., 1996). However, 
this compromises biomechanical integrity of the tendon up to 15 % (Fideler et 
al., 1995, McGilvray et al., 2011). 
Allografts carry the risk of a Clostridium septicum infection after storage 
(Barbour and King, 2003) and despite adequate screening measures, they can 
transmit  HIV and HCV. This is mainly because serological tests fail to detect the 
window period as HIV has a 28-90 day and HCV a 38 to 94 day window period 
(Fishman et al., 2012). 
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1.2.3 Xenografts for the tendon  
 
 
Xenografts are mostly fabricated from collagen isolated/extracted from bovine, 
equine or porcine origin and they  match mechanical properties of human 
tendons. There are various commercially available tendon grafts from 
xenogeneic source.  
 BioBlanket (Kensey Nash Corporation, USA) is a porous matrix derived from 
acid and fibrous soluble collagen of bovine origin. It has been used in soft tissue 
repair and rotator cuff repair. It has been reported to be self-degrading within a 
year in vivo but it has elicited a significant inflammatory response (Sullivan et al., 
2008).  
 
TissueMend (TEI Biosciences MA,USA) is a bovine dermis origin collagen 
scaffold fabricated by chemical and enzymatic process to remove host DNA. It 
contains higher genetic components than other grafts, hence human 
implantation is questionable (Seldes and Abramchayev, 2006).  
 
OrthoADAPT (Pegasus Biologics, CA, USA) is an acellular scaffold originated 
from an equine pericardium, containing 90% collagen type I and 10% collagen 
type II. It has three subtypes FX, PX and MX, depending on the degree of cross 
linking (Johnson et al., 2007). However, there is no evidence of any clinical 
application or clinical trials of these grafts so far. 
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There are no gold standards for tendon auto, allo and xenografts as they are 
associated with clinical complications and strategies have inherent weaknesses 
in them; for example, autografts lead to donor site morbidity and have limited 
availability, allografts are expensive, require storage and may elicit an immune 
response in addition to being rejected. Xenografts match mechanics to human 
tendon but they carry a risk of an immune rejection (Tasaki et al., 2015). 
 
1.3 Tissue engineering 
 
 
Tissue engineering is based on the principle of imitating nature. Since the last 
30 years, advancements in material science reported that using artificial 
scaffolds, made up of natural and synthetic polymer, can mimic architecture of 
native tissue and over time, self-degradation of these scaffolds can replace 
damaged tissues/organs.   
 
1.3.1 Scaffold requirement  
 
   The fabrication of tendon scaffolds requires the following characteristics in 
order to yield success in vivo:  
i. Biocompatibility  
       Biocompatibility of the scaffold should able to provide a short-term stability 
for the cell attachment and allow integration into host tissue with high 
porosity for cell attachment. Implanted scaffold should elicit a marginal 
immune reaction for cell migration such as macrophage activation which 
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releases growth factors, cytokines and proteolytic enzymes for repair 
mechanisms (Dong et al., 2009). In contrast, severe immune reaction may 
delay healing mechanism and graft rejection may occur (O'Brien, 2011).   
ii. Biodegradability 
A concept of tissue engineering is to fabricate scaffold from an off-the-
shelf source and the implanted scaffold should eventually be replace by 
the host ECM niche. After degradation, the by-product of the scaffold 
should be 100% eliminated from the body without causing toxicity to the 
surrounding tissue/organ (Dong et al., 2009, O'Brien, 2011). 
iii. Mechanical property 
 
They should match the mechanical properties of the host tissue and 
respond to its kinetics.  Fabricating a scaffold with equivalent tissue 
material properties is a challenging task, for example in younger patients, 
the wound healing mechanism is more rapid than in older patients. 
Therefore, scaffold material properties and degradation rate should be 
varied.  An increase in mechanical properties should not compromise 
porosity for the cell attachment in the material. 
 
iv. Architecture  of the scaffold 
Fabrication of scaffold with ideal architecture is critically important as 
porosity of the material should be high for cell attachment and migration. 
This porosity should also allow diffusion of nutrient angiogenesis 
formation and waste removal (Phelps et al., 2010). 
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v. Fabrication technology  
Scaffold should be fabricated with good manufacturing practice (GMP) 
and regulated as per European Union (EU) directives 2003, for the GMP 
and economical than traditional methods. Scaffold should be made 
available readily off the shelf to clinicians without any additional surgical 
procedure (O'Brien, 2011). 
 
1.3.2 Scaffold source for tendon tissue engineering  
 
1.3.2.1 Synthetic scaffolds 
 
Synthetic polymers such as poly(lactide-co-glycolide) (PLGA), polyglycolide 
(PGA), and polylactide  are Food and Drug Administration (FDA) approved and 
are widely used in tendon tissue engineering. Advantages of these polymers are 
that they are easily engineered, possess predictable biomechanics as well as 
the fact that the electrospun alignment of these fibres can easily mimic native 
tendon. Combination of these polymers with bone  marrow stromal cells 
(BMSCs), tendon fibroblasts and growth  factors has been shown to significantly 
improve repaired tendon function in vivo and in vitro (Manning et al., 2013, 
Sahoo et al., 2010, Stoll et al., 2010, Cao et al., 2006).  
However, there are no long term studies reporting on tissue replacement with 
these scaffolds. Additionally, the degradation process and by-product can cause 
toxicity and an immune reaction at the repair site. A major factor of concern 
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about synthetic scaffold is cell adhesion to the surface which can cause 
impaired tissue healing (Henson and Getgood, 2011).  
1.3.2.2 Decellularised scaffold  
 
In order to maintain the mechanical integrity of the natural polymer, 
decellularised tendon scaffolds are used. This is an attractive technique as it 
retains the tendon’s normal tissue architecture. Several research groups are 
now focusing on using decellularised tendons to treat tendon defects (Pan et al., 
2014b, Yin et al., 2013). However, effective decellularisation of tissue itself is a 
challenging process and further research into the methodology is still required to 
refine it for clinical use.  
1.3.2.3 Cell derived scaffold  
 
The aim of scaffold free tendon tissue as a tendon graft is to overcome 
challenges encountered by traditional scaffolds. This is an attractive method for 
scaffold development as they are derived by product of cell secretion i.e. ECM 
(Ni et al., 2013) but further investigation is needed as they do not match 
mechanics to the native tendon. 
1.3.2.4 Natural polymer  
 
Natural polymers have the advantage of being biocompatible and can possess 
native biological ECM such as collagen, silk, chitosan–hyaluronan and alginate–
chitosan hybrid polymer. Chitosan scaffolds have also shown significant 
collagen type I synthesis with cellular affinity and ECM production similar to that 
of living tendons (Bagnaninchi et al., 2007, Majima et al., 2005, Xiong and Wan, 
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2008, Sawaguchi et al., 2010). Bioengineered tendon graft fabricated from 
porcine small intestine submucosa (SIS) also demonstrated the ability to repair 
and strengthen flexor tendon defect by collagen deposition and an increase in 
the transforming growth factor-β (TGF-β) levels in the rabbit model (Murphy et 
al., 2008). 
Therefore natural polymer is the choice for the tendon tissue engineering as 
they hold inherent advantages over other scaffolds. 
 
 
1.3.3 Collagen as a scaffold  
 
 
Collagen itself does not exhibit strong mechanical properties but in combination 
with other polymers and/or with MSCs, its biomechanics can increase as well as 
provide a suitable environment for tendon fibroblast within the scaffold matrix. 
(Kraus et al., 2013, Rajan et al., 2006). 
We have used collagen grafts fabricated from type I collagen because type I 
collagen is a highly conserved protein in the tendon. It constitutes almost 95% of 
total collagen in the tendon (Evans and Barbenel, 1975, Riley et al., 1994) 
hence collagen has exhibited all ideal properties for mimicking tendon in vivo. 
In this study, type I collagen used was extracted from rat tail tendon and 
dissolved in the acetic acid (2.15 mg/ml). To polymerise this collagen, it was 
neutralised with sodium hydroxide in vitro, which formed non-cross-linked 
anisotropic collagen fibrils. This hydrogel contains 98% fluid   and encapsulation 
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of tendon fibroblast during fabrication of hydrogel could mimic living tissue in 
vivo with in span of 20 minutes (Bell et al., 1979). However, this hydrogel is 
mechanically weak and in contrast to native tendon which is mechanically strong 
tissue. To overcome with this issue, in 2005, Brown et al  developed a method 
for rapid compression of collagen hydrogel by  a technique known as ‘plastic 
compression’, where the degree of compression is directly proportional to 
applied weight on the top and fluid is released from fluid leaving surface (FLS). 
Spiral rolling of this graft was able to increase its mechanical properties (Brown 
et al., 2005). 
 It was not able to reach up to native tendon therefore the strategy was studied 
to modify the suture technique to off load collagen graft until tissue induced 
remodelling can occur. 
 
1.3.3.1 Cell source for encapsulation  
 
There are many opinions in the literature about using cell source for the tendon 
tissue engineering:- 
 Autogenic: Tendon cells can be obtained from the patient itself and 
cultured in vitro before transplantation. Advantages of these cells  is  
immunocompatibility, however total cell yield  is marginal  as tendon is a 
less cellular tissue and they do not  lend  off the shelf availability.    
 Allogeneic:-   Cell source from the same species  lends off the shelf 
availability  but can encounter  immune acceptance issues. Having said 
48 
 
that, it has been reported that in lapine model allogeneic cell source can 
be immunocompatible (Mudera et al., 2007).  
 Xenogeneic: The use of cell source from another species is controversial 
because it requires additional engineering for immune acceptance and 
the major concern is about zoonosis and germ line mutation.   
 Embryonic stem cell (ESC):- ESC can be obtained from the blastocyst 
during development but use of ESC in tendon regeneration and clinical 
application is perplexing as differentiation of ESC into tendon lineage has 
not been evaluated. Additionally, efficacy of ESC is challenging as they 
can form teratomas in vivo (Lee et al., 2013).  
 Mesenchymal stem cells (MSC):-The use MSC in tendon repair has 
shown significant improvement in animal models and clinical trials. 
Although differentiation of MSC into tendon fibroblast is proven in vitro 
(Caplan and Bruder, 2001), in vivo differentiation and lineages is still 
unclear. 
 Tendon derived stem cell:-In 2007, tendon stem has been identified and 
isolated in vitro (Bi et al., 2007). However, so far there still unclear 
evidence about in vivo efficacy and applications.  
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1.4 About thesis 
 
 
1.4.1 Overview 
 
Tendon matrix is predominantly Type 1 collagen and we have used tendon 
graft fabricated from collagen as a naturally occurring polymer. My project is 
focused on using tissue engineering strategies to engineer a cell seeded 
collagen type 1 tendon graft for in vivo implantation and testing. 
1.4.1.1 Biomechanics of engineered tendon (ET) was weak therefore 
the strategy was studied to modify suture technique which can 
off load ET in in vitro and in situ. 
1.4.1.2 Mechanobiology of the tendon fibroblast was studied under 
10% cyclic load with cellular and tendon specific genes in vitro 
tissue model. 
1.4.1.3 Efficacy and integration  of ET  in was studied  in a 1.5cm 
posterior tibial tendon  defect  in vivo  in  a lapine model  for 
1,3, and 12 weeks. 
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1.4.2 Research hypotheses 
 
1.4.2.1    Post tendon repair the mechanical strength of repaired tendon graft is 
entirely dependent on the suture technique. So, if a modified suture 
technique can be developed to hold ET in place and take the 
mechanical load better than standard modified Kessler suture technique, 
then ET can mature in vivo and over time integrate into a fully formed 
tendon. 
 
1.4.2.2  Tendon fibroblast will respond to mechanical forces (10% cyclical 
strain per hour) by aligning itself in the direction of the force with 
increased gene expression of tendon specific genes (Collagen I, 
Collagen III, TGF-b, and Tenomodulin). This early adaptive response 
will initiate matrix re-modelling in the ET graft over a period of time. 
1.4.2.3 In-vivo implantation of cell seeded (tendon fibroblasts) ET collagen 
graft in a lapine model will mechanically integrate and regain function 
by ECM remodelling in vivo by 12 weeks. 
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1.4.3 Aims and objectives  
 
Overall Aim:   
To engineer a cell seeded functional tendon graft in vivo using type 1 
collagen. 
Overall Objectives 
 
1.4.3.1 Development of modified suture technique to 
accommodate tissue engineered tendon in vivo  
 
1.4.3.1.1 Finite element analysis (FEA) correlation of experimental 
finding with computational modelling 
 
1.4.3.2  Test mechano-biological response of tendon fibroblast in 
an in vitro tissue model 
 
 
1.4.3.2.1 Effect of static load on tendon fibroblast (TF) using 
custom built Culture force monitor (CFM) and to study 
contraction profile of TF under different passage 
number. 
 
1.4.3.2.2 To investigate effect of 10% strain on the TF in 
fabrication of an in vitro tissue model with 1,000,000 
cells/ml for 24 hours with their gene profile. 
 
  
1.4.3.3 In-vivo testing cell seeded of ET tendon graft in a lapine 
Posterior tibial tendon model over period of 1, 3 and 12 
weeks and to collect quantitative data on:-  
 
1.4.3.3.1  Efficacy of ET and integration of it into NT with 
developed load bearing suture technique.   
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1.4.3.3.2 Mechanical properties of the repair  and ET at each time 
point  
1.4.3.3.3 To study these inflammatory reactions by histology and 
tendon fibroblast infiltration to the ET    
1.4.3.3.4  Fascicle, fibril integration and collagen maturation over 
period of time in vivo. 
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2 Materials and methods 
 
 
2.1 Devolvement of modified suture technique   
 
 
2.1.1 Tissue collection for ex vivo and in situ studies 
 
New Zealand white rabbits aged between 16 to 25 weeks, weighing between 3.0 
to 4.5 kg were sacrificed following ethical approval and under regulation of 
University College London, under schedule 1 of animal procedure act 1986. 
Surgical tenotomy was performed on the hind legs to extract the posterior tibial 
(PT) tendon.  Harvested tendons (n=56) were snap frozen in liquid nitrogen 
immediately after extraction and stored at -20ºC until further use. Prior to use, 
the tendons were thawed for two hours and brought to room temperature.  
 
2.1.2 Formation of collagen hydrogel 
 
Collagen hydrogel was fabricated by using 4 ml (80%) rat tail collagen type I 
(First Link, Birmingham, UK) monomeric collagen solution (2.16 mg/ml in 0.6% 
acetic acid with total protein concentration 0.2% w/v)  and 500µl (10%) of 10X 
Minimal Essential Medium (Invitrogen, Paisley, UK),  ( pH indicator ) neutralised 
using 5M and 1M sodium hydroxide (Sigma-Aldrich, Dorset, UK) and 500µl 
(10%)  of  Dulbecco’s Modified Eagle Medium (DMEM) (Sigma, Irvine, UK). 
Total  5 ml of this solution was poured into custom built rectangular metal 
moulds of 33mm × 22mm × 10mm dimensions ( 120gms weight) (Figure 5 ).  
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These moulds were kept in CO2 incubator at 37ºC and 5% CO2 for 15 minutes to 
allow fibrillogenesis (Brown et al., 2005).  
 
 
Figure 5 Showing neutralised collagen hydrogel (pH 7.4) (pink colour) 
casted in the stainless steel mould and allowed to remain in CO2 incubator 
at 37ºC for 20 minutes for fibrillogenesis to occur. Scale bar shown at 
bottom. 
 
2.1.3 Fabrication of   tissue engineered tendon (ET) graft 
 
Collagen hydrogel, after polymerisation, was removed from the mould and 
placed in between standard plastic compression assembly (Figure 6A) (Brown et 
al., 2005). A collagen hydrogel was transferred in between layer of nylon sheet 
(~50µm) and static load of 120gms (total surface area 7.4cm2, which is a 
pressure equivalent to 1.8kPa) was applied for 5 minutes to remove interstitial 
fluid from the hydrogel. Discharged fluid from hydrogels was absorbed by four 
layers of Whatman filter papers (Fisher Scientific, UK). To mimic posterior tibial 
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tendon of rabbit, four layers of compressed collagen construct were rolled on top 
of each other (Figure 6B). Compressed gels were rolled and construct was cut 
into segment of 15mm (Figure 6C) which had formed tissue engineered tendon 
graft (ET) followed by placement in between PT tendon defect (Figure 6D).  
 
 
Figure 6  Illustrating collagen hydrogel plastic compression process, a 
collagen hydrogel placed in between nylon mesh with constant static load 
of 120 grams applied over it. A drained fluid was absorbed by four layers 
of filter paper. The arrow shows fluid leaving surface (FLS) for the gel (A). 
Four layers of compressed collagen sheets were rolled along axis to form 
‘engineered tendon’ (ET) (B).  ET was cut into 15mm segment of to mimic 
tendon (C).  Tendon defect was created in the native tendon (NT) by 
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excising 15mm segment of posterior tibial tendon and the defect was filled 
with ET (D). 
 
2.1.4 AFM  
 
 
Type 1 collagen fibrils were dissected from PT tendon and stored in phosphate-
buffered saline azide at 4ºC. An extract of the collagen tendon was sectioned 
with a scalpel and washed for 5 min in deionised (DI) water. A microscope glass 
slide (Agar ibial Scientific, Essex, UK) was used as sample substrate. It was 
cleaned with DI water in an ultrasonic bath for 5 min and subsequently rinsed 
with 100% ethanol and dried in a stream of nitrogen. A few bundles of collagen 
fibres were deposited on the glass slide without smearing using tweesers. The 
sample was then dried in a gentle stream of nitrogen. Once prepared, the 
collagen constructs were rinsed in ultra-high quality (UHQ) water before being 
cut into sections of approximately 5 mm2 using a scalpel. The samples were 
then deposited on a glass slide before being dried using a gentle N2 flow. 
Dimension 3100 (Bruker, Santa Barbara, CA) Atomic Force Microscope was 
used for imaging the samples in contact mode, using CSC probes (MikroMasch, 
Tallinn, Estonia). Typical scan rate of 2Hz was used for contact mode imaging 
and the deflection set point was reduced to minimise the force applied onto the 
sample. Both deflection/amplitude and topography images were recorded using 
Multimode Nanoscope IV (Veeco, Santa Barbara, CA), fitted  with an E scanner 
and NSC tips-D lever (MikroMasch, Tallinn, Estonia). 
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2.1.5 Suture techniques 
 
 
Three different repairs were performed; i) Standard repairs with modified 
Kessler, ii) Modified repairs of divided tendons with autograft repairs (TG), and 
iii) modified repairs of divided tendons with tissue engineered graft repair (ET). 
 Prolene (Ethicon Ltd, Edinburgh, U.K.) monofilament and non-absorbable 
sutures were used for all ex vivo experiments. Rabbit tendons were defrosted to 
room temperature and kept moist throughout the experiment. The average 
length of the posterior tibial (PT) tendon was 70 mm (millimetres). 
 
i) Modified Kessler repair:-  Tendons were surgically divided at the 
midpoint with a sharp blade. A standard repair was performed using a 
modified Kessler technique (n=7) 6-0 prolene sutures are placed 
through the middle of the cross sections of both tendons to oppose 
the ends (core sutures) in the region of 15 mm from the tendon ends 
and through ET where ET was then held together with a further 6-0 
prolene running suture around the whole periphery of the tendon 
(Figure 7A).  
 
ii)  Developed modified suture technique with tendon autograft repairs 
(TG):- In the TG group, 15mm of tendon was excised from the middle 
of the tendon, turned through 180 degrees and then repaired using 
the modified suture technique. This entailed the use of Prolene 3-0 for 
the interlocking sutures and prolene 6-0 was used to secure TG in 
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between cut tendon ends. At the midsubstance, 15mm of tendon was 
excised and replaced with TE tendon graft. The graft was secured 
with prolene 6-0 running sutures and the prolene 3-0 interlocking four 
strand suture technique was performed, passing through the graft in 
the 30mm region of the tendon (Figure 7B). 
 
 
Figure 7  Illustrating tendon repair with a modified Kessler  suture 
technique applied at the end of tendon end within 15mm region using 
prolene 6-0. The tendon defect was filled with ET and secured with prolene 
6-0 sutures (A).  Developed load bearing suture technique with tendon 
graft (TG), 15 mm tendon excised and turned 180 degrees and secured 
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with prolene 6-0 running sutures and prolene 3-0 interlocking four strand 
suture technique was performed passing through graft in the 30mm (B). 
Similarly, developed modified suture technique was applied and 15mm of 
engineered tendon (ET) was placed to fill tendon defect, following which it 
was secured with prolene 6-0 running sutures (C). 
 
iii) Developed modified suture technique with ET graft: - In the ET group, 
15mm of tendon was excised from the middle of the tendon and 
replaced with ET. Instead of performing two Kessler sutures at each 
end of the graft, the 3-0 prolene core sutures were passed through the 
middle of the entire length of the graft so that the graft could be moved 
easily on the suture and the tension was placed on the native tendon. 
Both ends of the graft were then secured to the native tendon with 6-0 
prolene running sutures around the periphery (Figure 7C). 
 
2.1.6 Mechanical testing  
 
 
Mechanical testing was performed on prolene sutures of differing diameter (2-0, 
3-0, 4-0, 5-0, 6-0, and 7-0) with test speed of 30 mm/min in four different groups 
of tendons; i)  Native  tendons (posterior tibial tendon) (n=7), ii) repaired tendons 
using Modified Kessler  technique  with ET graft   (n=7), iii) repaired  tendons 
using developed modified suture technique with TG graft (TG) (n=7), and 4) 
repaired tendons using developed modified suture technique with ET graft (ET) 
(n=7). All specimens were tested under to failure using Zwick/Roell (Z005 model 
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Ulm, Germany) with a test speed of 100mm/min for Posterior tibial (PT) tendon 
and 50mm/min for repaired tendons.  
All tendons were brought to room temperature in PBS prior to testing. Securing 
the tendon ends to the machine was challenging due to slippage of the tendon. 
After testing different methods of clamping, sand paper was finally used as 
tendons remained in the clamps and failed midsubstance. Area of tendon input 
was calculated and force was applied till failure. Break strength output was 
generated by testXpert V10.0 software (Zwick, GmbH & Co, Ulm Germany).  
 
2.1.7 In situ mechanical testing  
 
 
The amputated hind legs of each rabbit and its average weight was 124 grams. 
Each leg was shaved in the work region and a 4 cm incision was made with 
number 20 surgical blade in the posterior aspect of the inferior tibiofibular region 
to expose the PT tendon. A mid-section of the tendon was divided and a 15 mm 
defect was created. This was filled with TG and ET, following which it was 
secured with running 6-0 prolene sutures  (Figure 8A)  and  suture techniques 
with were performed as  described  above in the section 2.1.5 . All the in situ 
mechanical testing were conducted by applying force to flexor tendons of the 
cadaver rabbit’s hind leg to exhibit maximum tension on the PT tendon, where 
ET/TG was placed (Figure 8B)  A limb was mounted on the Zwick test machine 
and force was applied with speed of 50 mm/min (Figure 8B). 
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Figure 8 showing feasibility of preforming developed suture technique 
within PT tendon by exposing inferior tibiofibular region (A). A mechanical 
test was conducted by applying force to flexor tendons of the cadaver 
rabbit’s hind leg to exhibit maximum tension on the PT tendon (B). 
 
2.1.8 Finite Element Analysis (FEA)  
 
 
The FEA was carried out to correlate experimental results and develop a 
computational profile of the force distribution across the tendon and ET in a load 
bearing model, using dimensions of natural tendon as mentioned 
above.Experimentally, we found that when the modified suture technique was 
carried out, the repaired tendon breaks at a load of about 7.6×106 Pa. This 
break load value was used in the simulations, which were carried out using the 
COMSOL Multiphysics V3.5 (COMSOL Ltd Cambridge, UK) software. Stress 
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distribution was compared between the developed modified and standard MK 
suturing technique (Figure 9A). 
 
Figure 9 Showing developed computational Finite Element Analysis (FEA) 
model of developed suture technique with engineered tendon (ET) secured 
with peripheral suture (prolene 6-0 sutures), also describing start and end 
suture anchoring point (A). FEA model showing stress level after applying 
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mesh, where stress near suture points was more as compared to rest of 
tendon (B). A FEA model at 0% stress (C). 
 
2.2 Mechano-biological study 
 
2.2.1 Construction of in vitro tissue model   
 
2.2.1.1 Cell culture  
 
 
Tenotomy was performed on the NZW rabbits aged between 16 to 25 weeks 
and they weigh between 3.0 to 4.5 kg. Extracted tendons were washed with 
PBS, 10% antibiotic and antimycotic solution (Sigma-Aldrich, Dorset, UK). 
Tendons were digested with collagenase at 37ºC in a water bath for 3 hours. 
After digestion, the mixture was filtered with a 70 µm cell strainer to remove 
undigested ECM. The Tendon Fibroblast (FT) were cultured in T225cm2 tissue 
culture flasks with growth media Dulbecco’s Modified Eagle Medium (DMEM) 
(Sigma, Irvine, UK), 10% fetal calf serum (FCS) (First Link, UK), 1% Penicillin 
and Streptomycin (Invitrogen, UK) in DMEM (Figure 10A and B). 
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Figure 10  Showing   growth and adhesion of tendon fibroblast (TF) in 
T225cm2 tissue culture flasks (A). Viability of the TF in culture condition 
was calculated using live/dead (Calcein/ Ethidium homodimer) assay and 
showed 100% viability of the TF. 
 
 
2.2.1.2 Passaging of tendon fibroblasts culture  
 
 
When cells inside T225cm2 tissue culture flask were 80-90% confluent, they 
were passaged. A standard protocol was used for passaging where the culture 
media was removed and a monolayer of tendon fibroblast was washed twice 
with 10X PBS and incubated at 37° C with 5ml of  1X trypsin (0.05%) for 15 
minutes. The flask was then thawed to detach strongly adhered cells and 
immediately 10 ml of DMEM was added to neutralise the action of trypsin. The 
cell suspension was centrifuged at 2000 RPM for 5 minutes. The supernatant 
was drained without disturbing cell pellet and cells were aspirated with 2 ml of 
complete media. 
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Cells were counted using haemocytometer with trypan blue dye. A 20 µl of cell 
suspension was pipetted into an Eppendorf tube and 1:1 ratio, i.e. 20 µl, of 
trypan blue (Sigma, Dorset, UK) dye was added and loaded on to 
haemocytometer. Total cells in 4X4 chambers were counted (Figure 11) (each 
chamber has 1mm2 area) by using the following formula:  
Total number in suspension (N) = M× V×D× 104 
M= Mean of total counted cells in four chambers, V= Total re suspended   cell 
media volume, D =dilution of trypan blue (1:1)  
 
 
 
 
Figure 11  showing illustration of counting chamber for the cell count  
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2.2.2 Fabrication of tendon- fibroblast populated collagen 
lattice  
 
  
Collagen lattice was cast using 4 ml rat tail collagen type I (First Link, 
Birmingham, UK) and 500 µl of 10X Minimal Essential Medium (Invitrogen, 
Paisley, UK), neutralised using 5M and 1M sodium hydroxide (Sigma-Aldrich, 
Dorset, UK) and added to 500 µl DMEM with 5× 106 cells /ml (passage 1). Total 
TF cell concentration was 1× 106 cells / ml in 5 ml solution .This solution was 
poured into plastic moulds of 75 × 25 × 15 mm dimensions with ‘A’ frames.  
These moulds were kept in CO2 incubator at 37ºC and 5% CO2 for 15 minutes to 
allow fibrillogenesis, which had formed a tendon fibroblast populated collagen 
lattice (tFPCL). 
 
2.2.3 Static load  
 
 
The tFPCLs were attached to the CFM. One of the stainless steel ‘A’ frame was 
connected to the force transducer and another to the ground point (Figure 12). 
Contraction of the gel pulled Vyon beams together and deflection in the Vyon 
beams caused alteration in the strain gauge (Figure 12). 
The calibration of the instrument was performed by applying constant weight of 
5, 10, 50 grams for 24 hours and output was within expected limit. The signal 
from strain gauge was converted from analogue to digital and contraction profile 
of tFPCL was quantified with reading taken on P3 strain indicator (Vishay Micro-
Measurements, NC,USA) for every second over 24 hours (n=5). 
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Figure 12 Showing CFM set up, casted tFPCL inside plastic moulds and 
mounted on CFM and adhered to fixed point with force transducer (Vyon  
beam)  with ‘A’ frame. 
 
2.2.4 Cyclic load  
 
 
The t-CFM was derived from the CFM, where cyclic load was applied by stepper 
motors (Micromech, Braintree, UK). Each stepper motor driven by microstep 
control panel consists of Parker Vix 250IM stepper drive. A Vix stepper drive 
operates on Parker’s EASI language (Parker Irwin, PA, and USA). Positional 
movements of the stepper motors were controlled by using computer commands 
and each drive had a unique address with a terminal emulator. The computer 
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communicates with each axis separately with Parker Hannifin EaSI- V software 
(Parker Irwin, PA,  USA). The tFPCLs were attached to the t-CFM (Figure 13). 
The t-CFM was set up and calibrated by attaching a stable metal rod. Recorded 
force was constant and indicated accuracy of the t-CFM. 
We had used 10% strain on the tFPCLs. Cycles were programmed for 15 
minutes loading and unloading with 15 minutes of time delay in between each 
loading and unloading for 24 hours (n=5). 
 
 
Figure 13  Showing t-CFM set up with tFPCL adhered to the fixed point and 
force transducer through ‘A’ frames. A 10% cyclic load was applied using 
programmed motors connected to the computer. 
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2.2.5 Sirius red staining  
 
 
To analyse collagen distribution and maturation under load, Sirius red method 
was used (Michel et al., 1986).  Post loading, tFPCLs were fixed in 10% formalin 
saline for one hour and embedded in paraffin wax. Sections of 5 µm were made, 
de-waxed and hydrated in series with xylene and ethanol. They were then 
stained in Sirius red [Sirius direct red 80 (Sigma-Aldrich Dorset, UK)] for one 
hour, followed by two changes of acidified water. Finally, they were hydrated in 
series of ethanol and cleared in xylene. Images were obtained on the light 
microscope (Olympus BH-2) fitted Olympus Camedia 2020 camera.  
 
2.2.5.1 Image analysis  
 
 
Images were converted to grey scale and analysed by using ImageJ software 
1.49 versions (NIH, USA). Each image was outlined with straight line throughout 
the image and pixel intensities were measured against region of interest. 
Calculated pixel intensities were pooled for tFPCLs (static, cyclic and unloaded) 
with mean ± SD for each group. The change in the pixel intensities was 
correlated to the collagen distribution and remodelling for each group. 
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2.2.6 Immunofluorescence imaging  
 
 
2.2.6.1  Cellular alignment under load (Fluorescence microscopy) 
 
 A 2.5cm midsections of tFPCL  were fixed in 4% formalin saline for 30 minutes 
and blocked in 0.15% triton-X in PBS to reduce surface tension for 15 minute 
and stained for 1.5% phalloidin (Invitrogen, Life Technologies Ltd, Paisley, UK)  
and 1% DAPI (Vector labs, Peterborough, UK) for fluorescence microscopy  and  
mounted on glass slides with coverslip. Images were obtained by using upright  
fluorescent microscope Olympus BX61(Olympus, Tokyo, Japan)  
 
2.2.6.1.1 Image analysis   
 
Image analysis was carried out by using ImageJ software (NIH,USA). Images 
were adjusted to highest contrast level  (Figure 14A)to filter out noise and were 
converted to the binary function, which had divided the image into object and 
background by using iso-data algorithm (Figure 14B). Images were further 
analysed by using “’Analyse particle’ function. A particle size was set to 100 
pixels, which had filtered out small spaces  from the image and circularity was 
set  to 0.00 – 0.80 (needs to be less than 1 as 1 is a perfect circle and angle 
cannot be determined) and with  outline of the image (Figure angle was 
measured for tFPCL static and cyclic load (Figure 14C). A frequency graph was 
plotted for each cell angle from 0-180° for tFPCL static and cyclic load.  
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Figure 14 showing immunofluorescence staining for phalloidin and DAPI  
(A). Black region denotes binary region of the each tendon fibroblast (TF) 
(B). Area and angle was analysed for each cell using particle analyse 
function. Scale bar for all images shown at right bottom of image (A). 
 
 
2.2.6.2 Deformation of TF under load (Confocal microscopy) 
 
 
To study deformation of the nucleus and the cytoplasm under static and cyclic 
load, 10mm mid-segment of the tFPCL was fixed in 4% formalin saline for 30 
minutes, then blocked in 0.15% triton-X in PBS, stained for 1% phalloidin 
(Invitrogen, Life Technologies Ltd,Paisley,UK) and 0.5% propidium iodide (PI) 
(Invitrogen, Life Technologies Ltd,Paisley,UK), after which it was mounted on 
glass slides and covered with coverslip. Bio-Rad confocal microscope (BIO-RAD 
Hertfordshire, UK) fitted with Olympus BX51 upright microscope (Olympus, 
Tokyo, Japan) was used. (Confocal microscope has two lasers; a standard 
HeNe laser of wavelength 543nm and a second argon laser, with wavelength 
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457nm and with ProScan II X-Y stage with these principles composite images 
were obtained). 
 
2.2.6.2.1 Image analysis  
 
To perform analysis for deformation of TF under static and cyclic load, immune-
fluorescence images (Figure 14A) were imported to ImageJ software (NIH,USA) 
and using ‘spit colour channel’ function, images was split into three colour 
stacks: red (Figure 15B), green (Figure 14C)and blue (absent) . The red channel 
represented nucleus stained with propidium iodide and green channel 
represented cytoplasm stained with phalloidin. The area for each channel was 
measured by using methods described above in the section 2.1.6.1.1 
 
 
Figure 15  showing immunofluorescence image of  tendon fibroblast using 
confocal microscope phalloidin (green) cytoplasm stain, propidium iodide 
(red) nucleus stain (A). Using spilt colour function showing red channel 
(nucleus) (B) and green channel (cytoplasm) (C). Scale bar for all images 
shown at right bottom of image (A). 
73 
 
 
2.2.7 Gene expression  
 
2.2.7.1 RNA isolation  
 
 
RNA was isolated using the TRIzol method (Chomczynski, 1993). (All glass-
ware, plastic -ware and Eppendorf were soaked in 1% DEPC treated water 
overnight and then autoclaved).  The tFPCLs were homogenised using power 
homogeniser by adding 1 ml of TRIzol reagent (Invitrogen, Paisley, UK) and 
incubated for 5 minutes at room temperature to form dissociation of the 
nucleoprotein complex. In the mixture, 200µl of chloroform (Sigma-Aldrich 
Dorset, UK) was added and spun at 12,000 × g for 15 minutes at 4°C. An 
aqueous phase was removed by angling the tube at 45° and 500µl of 100% 
isopropanol (Sigma-Aldrich Dorset, UK) was added to the aqueous phase. This 
mixture was allowed to incubate at room temperature for 10 minutes and spun at 
12,000× g for 10 minutes at 4°C. The supernatant was removed without 
disturbing the RNA pellet and washed with 1 ml of 75% ethanol. This RNA pellet 
was suspended in 50 µl of RNase-free water. 
RNA yield was quantified by using Nano drop, ND-1000 spectrophotometer 
(NanoDrop Technologies, Inc. Wilmington, USA)  and it was  calibrated with  
distil RNase free water. A  RNA 10 µl sample was loaded onto 
spectrophotometer and the concentration was calculated as follows: 
 
Concentration of RNA =OD260× 40 ng/µl× dilution factor 
74 
 
Where, Optical Density (OD) of sample at 260nm and constant OD at 260nm for 
RNA molecules is 40 ng/µl and dilution factor was 1:4. Purity yield was 
quantified by taking OD ratio at 260/280nm and it was <1.6, which indicated high 
yield of RNA.  
 
2.2.7.1.1 Gel electrophoresis  
 
RNA integrity was confirmed by running on 1.2 % agarose gel electrophoresis 
(Figure 16) (The tank, combs and cradle were soaked in NaOH for 15 minutes, 
in EDTA for10 minutes and washed with 0.1% DEPC treaded water).  A cradle 
was fixed inside the tank with a comb and a 1X TAE buffer was made using 
distilled water. To make gel, 1.2 gm Agarose was dissolved in 100 ml of 1X TAE 
buffer and added 2µl of ethidium bromide. Samples were prepared as 6µl RNA 
templates, in which 4 µl of loading marker was mixed and a total sample of 10 µl 
was loaded. A constant voltage of 80V was supplied for 90 minutes and 
observed under UV transilluminator. 
  
75 
 
 
Figure 16 showing RNA bands of 28S and18S RNA when observed under 
UV light. 
 
2.2.7.2 cDNA synthesis  
 
 
The cDNA synthesis was carried out by Precision nanoscript reverse 
transcription kit (Primer design, Southampton, UK).In the annealing step, 4.5 μl 
of RNA template was used and 1μl of reverse transcription primer and 4.5 μl 
RNAse/DNAse free water was added. This mixture was heated at 65°C for 5 
minutes in thermostatically controlled “hot block” and immediately cooled in an 
ice water bath. In the extension step, 5 μl of  nanoScript2 4X buffer was added, 
along with  1 μl  dNTP mix, 3 μl RNAse/DNAse free water and 1 μl of nanoScript 
enzyme. These were mixed to obtain a volume of 10 μl and added to samples 
on the ice, forming a final resection mixture of 20 μl, which was vortexed and 
pulse spun for few seconds. This reaction was inactivated by heat and 
incubation at 75C for 10 minutes. 
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Total yield was quantified as described above in the section 2.2.7.1.1 and 
samples were stored at -20C until further use. 
 
2.2.7.3 Real time PCR 
 
Real time PCR (qPCR) was performed by using custom designed and synthesised 
primers (Primer design, Southampton, UK) (Table 1). 
 
 
Table 1  showing sequence of the forward and reverse primers used for 
Collagen I, Collagen III, TGF-b, Tenomodulin and GAPDH as a 
housekeeping gene 
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In the PCR plate, 10 μl Precision master mix (SYBR green detection kit), 1 μl of 
primer, 5 μl cDNA template and 4 μl RNAse/DNAse free water was mixed to 
form a final volume of 20 μl. Gene quantification was determined by ABI 7300 
real time PCR machine (qPCR) (Applied bio-system, UK) with total 40 cycles 
with different steps described in (Table 2). Fluorescence data was collected 
through FAM (6-carboxyfluorescein) channel. 
 
 
Table 2 showing programmed used for real time PCR. In total, 40 cycles 
were programmed. 
PCR results were analysed by relative quantification (QR) values (2-∆∆Ct 
method), normalised to control and GAPDH, as a housekeeping gene. 
Amplification efficiency (E) was calculated by Ct number against cDNA input. 
 
 
                (Etarget) ΔCttarget 
Ratio=  
               (E reference) ΔCt reference 
                                                                                        ------------------------ Equation 1 
Whereas ΔCt target=Ct treatment -Ct control and ΔCt reference=Ct treatment - Ct 
control 
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Ratio = 2- ΔΔCt 
                                                  -------------------------------------------- Equation 2 
Where ΔΔCt = ΔCt treatment– ΔCt reference   
 
 
An equation described by Yuan et al,(Yuan et al., 2006)    
 
The ΔΔCt model is efficient as both target and reference genes reach their 
highest amplification efficiency and the ratio can be correlated to the expression 
of the gene (Yuan et al., 2006). To confirm PCR efficiency, PCR products were 
run on the 2% gel electrophoresis as described in section 2.2.7.1.1.   
 
2.3 Implantation study  
 
2.3.1 Study design  
 
 
Experiment design and ethical approval were obtained from UCL Institutional 
Review board (IRB). All  experiments were carried out as per regulation of Home 
Office with Project licence number (PPL)  80/ 12688 and surgical procedure 
were performed  by  me (Prasad Sawadkar) under Procedure Individual  Licence  
(PIL)  80/12688. All procedures were carried out by guidelines of Animals 
(scientific procedure) Act 1986 with revised legislation of European Directive 
2010/63/EU (2013). 
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Thirty (30) New Zealand white male rabbits were purchased from commercial 
supplier B&K Universal (Grimston, UK) with average weight of 3-3.5 kg. All 
animals were housed in an animal facility provided at Northwick Park Institute of 
Medical Research (NPIMR) and were allowed to acclimatise for 7-10 days 
before initiation of experiments.   
In each testing point (1, 3 and 12 weeks), 10 animals were divided into 3 groups 
(Table3): Acellular graft group (AC) 4, Cellular graft group (CC) 4 and Control 
group.  
 
Table 3 showing in vivo study design and number of animals used for 
each time point 
 
 
Tissue engineered tendon (ET) graft were fabricated each time before surgery 
as per procedure described in the section 2.1.3.  For each ET, 100,000 cells 
were seeded per gel. Therefore total cell concentration for each ET was 400,000 
cells. Before implantation, ET was tested for microbial contamination.  
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2.3.2 Animal preparation  
 
 
Rabbits were weighed (average weight 4-4.5), sedated with intramuscular ( i/m) 
dose of Hypnorm ( 0.3mg/ml)  (Janssen Pharmaceutica, Beerse, Belgium), 
(fentanyl citrate 0.315 mg/mL, fluanisone 10 mg/mL) and immobilised by 
wrapping them in a blanket for intravenous cannulation. An area marginal ear 
vein was cleaned with 70% ethanol and depilated with xylene solution. The 
marginal ear was cannulised with 23 gauge butterfly cannula and air passage 
was cleared by flushing 0.9% saline (Baxter, UK). Posterior area of right hind leg 
was shaved with clipper and disinfected by Iodine solution (Figure 17A). An 
animal number and group was tattooed inside the ear for identification. 
On the operating table, the animal was anesthetised intravenously (i/v) with 70% 
Hypnorm (0.3mg/ml) (Janssen Pharmaceutica, Beerse, Belgium), (fentanyl 
citrate 0.315 mg/mL, fluanisone 10 mg/mL) and 30% Diazepam (5 mg/ml, 
0.1ml/kg). A constant infusion of 0.9% saline (Baxter, UK) (10ml/kg) through a 
23 gauge butterfly cannula was given to maintain fluid balance.  
The animal was maintained in a prone position throughout surgery and constant 
supply of oxygen was given at the flow rate of 1 L/min through facial mask 
(Figure 17B). The peripheral oxygen saturation and heart rate was monitored 
with a pulse oximeter. To maintain anaesthesia during surgery, a dose of 
Hypnorm (0.1ml/kg) was administrated every 25- 30minutes and anaesthesia 
monitored with an ear pinch reflex method.  
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On the surgical table, before commencing the surgery, the animal was covered 
in drapes and secured with towel pins, leaving only the Op site exposed (Figure 
17C). 
 
 
 
Figure 17  Showing animal preparation for the surgery, the right hind leg 
was shaved and disinfected with iodine (A). A prone position of the animal 
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where marginal ear was cannulised with 23 gauge butterfly cannula ( black 
solid arrow) and oxygen was given at the flow rate of 1 L/min through 
facial mask blank arrow (B). Rabbit was covered in sterile drapes only 
exposing Op site and work region (C). 
 
2.3.3 Surgical process 
 
 
Surgical area was scaled (Figure 18A)and an insertion using a size 20 surgical 
blade was made 3 cm around inferior tibiofibular area to expose posterior tibial 
(PT) tendon (Figure 18B) (To avoid bleeding from the surrounding area a 
cautery pen was used). A tendon defect of 1.5 cm was created in the PT tendon 
(Figure 18C). This defect was filled with tissue engineered tendon (ET)  
[acellular grafts (AC) and  cellular grafts (CC) ]  (Figure 18D) and for control 
1.5cm PT tendon was excised and rotated in 180° degrees and placed in 
between tendon defect (Figure 18E). The tenorrhaphy suture techniques were 
carried out as described before:- 
i) Control group:- Modified Kessler repair with Tendon graft (TG)  
(Figure 7A) 
ii) Acellular graft group (AC):-  Modified suture technique with acellular ET 
(Figure 7C) 
iii) Cellular  graft  group  (CC) :- Modified suture technique with cellular ET 
(Figure 7C) 
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Surgical time was not beyond 2-2.30 hours for each rabbit. Wounds were closed 
with Vicryl 4-0 sutures ( Ethicon, Edinburgh, UK) by subcutaneous running 
suture technique. A second layer of reverse matrices suture technique was 
performed with 3-0 prolene suture (Ethicon, Edinburgh, UK) to avoid animal 
interference with wound while grooming (Figure 18F).  Post- surgery, 
subcutaneous 4mg/kg Carprofen (Pfizer Ltd, Sandwich,UK)  analgesia was 
administered to  the animals and Veterinary  wound powder  (Smith & Nephew, 
London, UK)  was applied at  Op-site to avoid infection. Wounds were not closed 
with occlusive dressing and use of Elizabethan collar was not required. All 
animals were caged individually and cage was labelled according to the group. 
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Figure 18 Showing surgical procedure, a work region and Op site on the 
posterior area of the rabbit right hind leg (A). An insertion was made in the 
inferior tibiofibular area to expose posterior tibial (PT) tendon (B).  A 
tendon defect of 1.5 cm was created in the PT tendon (C). This defect was 
filled with engineered tendon (ET) (D) ET was secured with 6-0 prolene 
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sutures (Black arrow) and sutures techniques were applied as per group 
(E). Wound was closed with Vicryl 4-0 sutures by subcutaneous running 
suture technique and second layer of reverse matrices suture technique 
was performed with 3-0 prolene suture (F). 
 
Rabbits were inspected by named veterinary surgeon (NVS) periodically and 
twice in a day by named animal care and welfare officer (NACWO) (As per 
guidelines and regulations of Home office). They did not show any sign of pain 
until they were euthanized. 
 
2.3.3.1 Angle of rotation  
 
In the orthopaedic practice post -surgery a deformation can occur which can 
restrict body movement therefore an angle of rotation at each time point was 
calculated by flexing Op limb upward direction and femoral tibial angle was 
calculated to demonstrate maximum rotational and flexion angle. 
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2.3.4 Tissue harvest 
At the end of the study, the animals were sedated by intramuscular i/m dose of 
Hypnorm (0.3mg/ml)  (Janssen Pharmaceutica, Beerse, Belgium), (fentanyl 
citrate 0.315 mg/mL, fluanisone 10 mg/mL) and euthanized by administering 
overdose of pentabarbitone (Lethabard, 200mg/ml, 140 mg/kg) ( Arnolds, 
Reading, UK) through marginal vein in the ear. 
 Immediately after euthanasia, Op site was trimmed to remove the hair and an 
incision with surgical blade size 12 was made away from Op site to maintain 
integrity of the graft. The entire PT tendon was excised and tissue was stored in 
20 ml of 10X Phosphate buffer saline (PBS) until further use. 
 
2.3.5 Mechanical testing  
 
 
The mechanical tests were conducted immediately after animal euthanasia to 
avoid any physical or chemical alternation in the PT tendon properties. Before 
mounting PT tendon on the loading machine, bearing outer suture (Prolene 3-0 )  
were removed to test actual mechanical properties of the repair.  
All specimens were tested under tension to failure using Zwick/Roell (Z005 
model Ulm, Germany) loading machine with a test speed of 50 mm/min for PT 
tendon repair and 30 mm/min for ET. All mechanical testes were carried out as 
described above in the section 2.1.6.  
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2.3.6 Haematoxylin and Eosin stain 
 
 
Tissue were fixed in a 10% formalin saline and embedded in paraffin wax for 
routine histology. Sections of 5 µm were de-waxed and re-hydrated in series of 
xylene (3 changes for 3 minutes each) and ethanol (100%, 100%,90% and 
70%).  These tissue sections were stained for 8 minutes in Harris Haematoxylin 
(Sigma-Aldrich Dorset, UK) (positively charged dye stains nucleus), washed 
under running tap water to remove excess stain and differentiated  in 1% acid 
alcohol for 30 seconds before being stained for Eosin (Sigma-Aldrich Dorset, 
UK) ( negatively charged acidic dye stains extracellular matrix ) for 5 minutes. 
Slides were washed under running tap water to remove excess stain, tissue 
sections were dehydrated with series of ethanol (70%, 90%, 100%,100%) and 
cleared in 3 changes of  Xylene (few dips). Slides were cleaned and mounted 
with Depex (mounting medium to enhance refractive index) on the light 
microscope (Olympus BH-2) fitted with Olympus Camedia 2020 and images 
were obtained at 10X and 40X.   
 
2.3.6.1 Image analysis  
 
To study inflammation and tendon infiltration into the graft, total cellularity was 
counted by methods described by Moshiri et al,. (Moshiri et al., 2013a).  In each 
sample, 50 images at 100X were obtained (Figure 19) within histological fields. 
At a magnification of 100X, airspace between glass slide and objective lens 
increases, causing the light to scatter due to increases in the refractive index. 
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Therefore to reduce this effect, oil immersion with low viscosity (refractive index 
1.5) was used.   
Total lymphocytes, neutrophils, plasma cells, macrophages, red blood cells and 
fibroblasts (mature and immature) were counted for 1,3 and 12 weeks as well as 
within native tendon as a positive control. 
 
 
Figure 19 Image histopathological field at 100X  showing  migration of  
lymphocytes, neutrophils, plasma cells, macrophages, red blood cells and 
fibroblasts (mature and immature)   at end of 1 week post-surgery. Scale 
bar on the right side lower corner.  
 
2.3.7 SEM 
 
 
Tissue sections of 3 µm on glass slides were fixed in 3% glutaraldehyde in 0.1% 
sodium caocodylate (Agar Scientific Ltd, Essex, UK) at pH 7.4 for 10 minutes 
and washed in deionised water to eliminate any excess of glutaraldehyde. 
Subsequently, they were washed with 20%, 30%, 40%, 60% and 90% ethanol 
89 
 
twice with interval of 5 minutes, as well as with 96% and 100% ethanol, which 
was washed for 15 minutes. These samples were rinsed with transition solvent 
hexamethyldisalazene (HMDS) (Sigma-ALDRICH Inc., St Louis, USA) for 3 
minutes in the fumehood and air dried for 20 hours. Samples were Mounted on 
the stub and sputter-coated with gold –palladium. All images were obtained 
using a secondary electron detector in a Philips XL 30 Field Emission SEM, 
operated at 5 kV and average working distance was 10 mm. 
 
2.3.8 AFM for in vivo samples  
 
 
A dewaxed tissue section of 3 µm on the glass slide (Figure 20A) was used and 
prepared as per previously descried in the section 2.1.4.  
Park systems XE-100 AFM was used in contact mode, in conjunction with 
Bruker Antimony (n) doped Silicon (001-0.025 Ohm.cm) contact tips (Figure 
20B). The spring constant of the cantilever used was 0.01 N/m and error signals 
and images were obtained (Figure 20C).  A detailed method was previously 
described in section 2.1.4. 
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Figure 20   showing a tissue section on the glass slide visualized under 
AFM (A). Cantilever scanning area between engineered tendon (ET) and 
native tendon (NT) (B).  Topology and error signals were produced and 
recorded for image analysis (C). 
 
A topology difference was calculated by using Gwyddion software 2.38 (Czech 
Metrology institute, Czech), which  is a modular program for scanning probe 
microscopy for each image topology difference and fibril diameter was 
calculated by using measure function. 
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2.3.9 Picro-sirius staining  
 
 
Picro-sirius stain was freshly made with 15 grams of wet picric acid, dissolved in 
500 ml of distilled water and stirred overnight with magnetic stirrer. This solution 
was filtered to remove undissolved crystals and added 0.5gms of Sirius red 
[Sirius direct red 80 (Sigma-Aldrich Dorset, UK)] to saturated picric acid. 
A 3 µm tissue section was dewaxed, rehydrated as described above and stained 
with picro-sirius at room temperature for one hour. It was then washed with 
running water, followed by a wash with acidified water (0.5% acetic acid in 
distilled water) and dehydrated and cleared in xylene as described above. 
 
2.3.9.1 Polarised light microscopy  
 
To analyse birefringence of collagen, the tissue samples, after picro-sirius 
staining (Figure 21A), were visualised under polarised microscope fitted with 
linear filter (Olympus, Tokyo, Japan). The Polarised light microscopy is used to 
measure the crystalline property of the collagen (Figure 21B). When light passes 
through the polariser, it vibrates by placing birefringent object on its path. The 
resultant vibration after analyser appeared to be bright on the dark background 
(Chayen, 1983, Canham et al., 1989, Gustafson, 1967, Veerapen and Ling, 
1987). Images were captured 1600X 200 pixels through Olympus C2020 
software (Olympus, Tokyo, Japan). 
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Figure 21 showing image obtained by picro-sirius staining (A) and 
birefringence of collagen differentiating engineered tendon (ET), native 
tendon (NT) with junction point when it was observed under polarised light 
microscope (B). Scale bar showing at right lower side. 
 
2.3.9.2 Image analysis 
 
 As collagen matures over time, the fibre observed under polarised light changes 
it’s birefringent from green to yellow followed by orange and finally to red. To 
quantify this birefringence, images of polarised light were processed by 
converting them from 24-bit RGB (Red, Green, and Blue) to 8-bit HSB (Hue, 
Saturation, Brightness) stack using ImagJ software (NIH, USA). A change from 
RGB to HSB reduced colour palette from 16.7 million to 256 values. By using 
threshold function, colour intensity was defined 2-9 and 230-256 for red, 10-38  
orange, 39-51 yellow and 52-128green. The hue intensity for 129-229 was 
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defined as non-birefringent collagen and total hue range considered as collagen 
pixel percentage (Rich and Whittaker, 2005).  
2.4 Statistical analysis  
  
 
In this study, data was analysed using SPSS (Statistical Package for social 
science Version 22.0, Chicago,IL,US). All results presented in Mean ± standards 
deviation .The significance was calculated at 95% confidence interval (95% CI 
(observed interval), with two tail alpha level 0.05, (p value). 
In this study parametric tests were used. To analyse difference within two 
groups a ‘t-test’ was used and for multiple groups analysis  of variance  
(ANOVA) with post hoc analysis was performed by Tukey-HSD ( Honestly 
significant Difference) and Bonferroni correction (used for reducing type 1error 
and for  calculating new  critical p value  by p/n where n = number of 
observations) 
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3 Results     
                   
3.1 Development of Suture technique (Method 
developed)  
 
The strength of repair in a tendon graft is mainly suture strength; this is 
determined by the bite that can be had in a fully formed auto graft tendon which 
is used for grafting. Current collagen tissue engineered tendons (ET) we have 
developed does not have the material properties to take the bite. The null 
hypothesis (H0) under test is that if a modified suture technique can be 
developed to hold ET in a place and take the mechanical load better than 
standard modified Kessler suture technique then ET can mature in vivo and over 
time integrate into a fully formed tendon. 
      
3.1.1 Suture technique 
 
Post tendon repair, strength of repair is dependent entirely on sutures used and 
repaired tendon does not contribute to its biomechanics (Ketchum, 1985) . 
Therefore suture technique and tension on the suture repair is crucial for tendon 
engraftment because an insufficient suture tension produces impaired tendon 
repair and excessive tension reduces range of motion (Yamaguchi et al., 2012)  
To share optimal distribution of suture tension, mechanical property of tendon 
and implanted graft should be equal therefore it was prerequisite to investigate 
mechanical and structural property of ET and NT. To calculate break strength, 
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samples of ET and NT were loaded onto loading machine till failure (n=6). 
(Detail method described in section 2.1.6) 
Mechanical property for ET was weak 4.41 ± 0.8N [4.28, 4.54 (95%CI)],  in 
contrast to NT 261.08± 15.57 N [82.26, 241.09(95%CI)],  (P<0.0001) (Figure 22) 
 
Figure 22 Showing break strength of engineered tendon (ET) compared to   
native tendon (NT) at test speed of 100mm/min on Zwick/Roell loading 
machine (n=6),  ** indicates  statastical significance  of p<0.0001. 
 
Result output indicated that mechanical property for the ET was 59 times lower 
to NT. This could be due to difference in the collagen fibril arrangement in the 
ET and NT as in the tendon fibril arrangement and its diameter constitutes to 
mechanical property (Silver et al., 2003). Therefore further detailed investigation 
of fibril properties was required to understand why ET was weaker to NT.  
To study fibril properties of ET and NT, an AFM image analysis was carried out 
on both ET (Plastic compressed collagen construct, ~100-200μm thickness, 
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described in section 2.1.3 )  and NT (Harvested from posterior tibial tendon, 
PTT,12 weeks rabbit of weight 5.6kg)  by using CSC contact probe at scan rate 
of 2 Hz (detail method described in section 2.1.4) 
 In the both samples collagen fibril could be observed. (Figure 23A and B) 
shows fibril alignment of ET and NT. In the ET orientation of the fibrils was 
random with no constant D -periodic banding pattern seen but in the NT all 
collagen fibrils were unidirectional and collagen bundles were arranged in 
longitudinal directions with D -periodic banding pattern with constant interval of 
45 ±1.23nm. 
 
 
Figure 23 showing random and no angular fibril arrangement for   tissue 
engineered tendon (ET) (A), linear and angular fibril arrangement for native 
tendon (NT) (B), by using CSC contact probe at scan rate of 2 Hz. Scale bar 
for all images shown at right bottom. 
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The collagen fibril alignment was studied in detail by analysing diameter and 
angle of alignment of fibrils (method described in section 2.1.3). In NT, fibril 
diameter (269.23± 19 nm), [232.12, 278.19, (95 %CI)], (n=7) (P< 0.05) }was 
significantly and higher than ET 65.17± 29.49 nm [33.10, 89.13, (95 %CI)] (n=7) 
with angular alignment of  179.76± 0.19º, [179.12, 180 of (95% CI)] for NT  
whereas in ET, collagen fibrils were random and no particular angular alignment 
was calculated (angle range was between 10~176º)  in the direction of applied 
force. 
In the NT, self-assembly, parallel angular alignment and compaction of collagen 
fibrils with higher diameters were key factors for higher mechanical strength but 
in the ET, inadequacy of these factors results in weaker biomechanics.  
 
 
3.1.2 Mechanical testing of the different prolene sutures 
 
 
As sutures are the sole contributors to the mechanical property of the tendon 
after tendon repair and to embed our mechanically weaker ET in place we had 
to develop a novel suture technique.  We also needed to quantify the 
mechanical properties of commercial suture material available that we intended 
to use. To date there are various suture materials available commercially and 
used to carry out tendon repair. Stainless steel have been used but   has 
disadvantages as they produce bulky knots (Ketchum, 1985). The use of 
absorbable sutures has been reported as inappropriate as they become weaker 
over period in vivo (Amis, 1996) therefore I decided to use prolene suture in this 
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study. Prolene is fabricated from isotactic crystalline stereoisomer of 
polypropylene, which is a synthetic linear polyolefin. These sutures are 
monofilament and non-absorbable (Miller, 1973, Kronenthal, 1979, Faggioni and 
de Courten, 1992) and they do not cause structural or tensional modifications 
under load (Faggioni and de Courten, 1992). 
There are various sizes of prolene sutures commercially  available ( 7-0, 6-0, 5-
0, 4-0, 3-0, 2-0 ) with different diameter sizes I had to make an informed 
decision on size of suture to use based on anatomical location and size of the  
posterior tibial tendon (PTT) (average length of 62.4 ± 2.5 mm , width 5 ± 1.3 
mm and thickness 1.5 ± 0.85 mm). It was a prerequisite to test  the mechanical 
properties of prolene sutures of all diameters. Mechanical tests on propene 
sutures were carried on the loading machine at test speed of 10mm/min (n=4) 
(detail method described in section 2.1.6) 
Break strength for prolene 7-0, 6-0, 5-0, 4-0, 3-0, 2-0 was 2.56 ± 0.18N 
[2.40,2.62, (95 %CI)] , 4.46 ± 0.11N  [4.42,4.51 (95 %CI)] , 8.20 ± 0.27 N 
[8.11,8.47, (95 %CI)], 14.16 ± 0.12 N [14.11,14.23, (95 %CI)], 20.81 ± 0.25 N , 
[20.71,20.96, (95 %CI)] and 34.81 ± 1.86 N [34.12,35.07, (95 %CI)]  respectively 
(Figure 24B) and calculated diameter  was 0.06mm for 7-0 ,0.08mm 6-0 
,0.12mm 5-0 ,0.18mm 4-0 ,0.27mm 3-0 , 0.31mm 2-0 respectively (Figure 24A)  
.  
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Figure 24 showing Stress curve of diameters of the prolene sutures (7-0, 6-
0, 5-0, 4-0, 3-0, 2-0) corresponding to its break strength in N/mm2 (A), and 
break strength of prolene sutures from (7-0, 6-0, 5-0, 4-0, 3-0, 2-0) in N 
(n=4) 
It was found that the calculated break strength for different diameters of prolene 
sutures were directly proportional to its diameters. I thus established the 
relationship between stress and suture diameter and showed that the material 
properties of prolene suture remained constant in all suture diameters (Figure 
24A). Results were within expected limits as when transverse diameter of the 
100 
 
sutures was increased break strength also increased. Given that the rabbit PT 
tendon has length of PTT (62.4 ± 2.5 mm), width (5 ± 1.3 mm) and thickness 
(1.5 ± 0.85 mm), I decided to use prolene 3-0 sutures based on the data 
available for outer interlocked sutures, while using prolene 6-0 sutures to hold 
the ET in a place with running sutures in all future in vivo and ex vivo 
experiments.  
  
3.1.3 Mechanical strength of the repair  
 
Mechanical properties of the repaired tendon are studied extensively compared 
to the native tendon but they are always inferior to them. However comparing 
these mechanical properties leads to designing of new repair techniques, 
followed by interpreting mechanics of implanted/regenerated tissue (James et 
al., 2008). Apart from break strength a repair must also withstand strain placed 
on the tenorrhaphy after surgery because inappropriate strains could lead to gap 
formation, graft failure, and poor quality of the healed tendon (Benum et al., 
1984, Everett et al., 2012). 
To study mechanical property and strain percentages, three different repairs 
were performed; 1) Standard repair with  Kessler  (Figure 7A), 2) Modified repair 
of divided tendons with autograft repairs (TG) (Figure 7B), 3) modified repair of 
divided tendons with tissue engineered graft repair (ET) (Figure 7C).  
A standard repair was performed using a modified Kessler technique. Four 6-0 
Prolene core sutures were passed 15 mm from the tendon ends and through 
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tendon graft where tendon graft was then held together with a further 6-0 
Prolene running suture around the whole periphery of the tendon.  
In the TG group, 15mm of tendon was excised from the middle of the tendon, 
turned through 180 degrees and then repaired using the modified suture 
technique described in section 2.1.5 
In the ET group, 15mm of tendon was excised from the middle of the tendon and 
replaced with the tissue engineered collagen graft (ET). Instead of performing 
two Kessler sutures at each end of the graft, the 3-0 Prolene core sutures were 
passed through the middle of the entire length of the graft so that the graft could 
be moved easily on the suture and the tension was placed on the native tendon. 
Both ends of the ET were then secured to the native tendon with 6-0 Prolene 
running sutures around the periphery. This minimised the tension on the ET. 
(Detail method described in section 2.1.4).  
Mechanical testing involved firm clamping of repaired tendon on the Zwick/Roell 
loading machine without slippage and tested till failure with test speed of 100 
mm/min (n=7) (Detail method described in section 2.1.6). 
The breaking strength of intact PTT tendon of rabbits was 261.08 ± 15.57 N 
[248.06, 274.11 (95% CI)]. The average break strength of a standard MK tendon 
repair using a modified Kessler suture was 12.49 ± 1.62 N [10.46, 14. 
51(95%CI)]  p<0.005. The average break strength of a TG tendon graft using 
developed modified suture technique was 41.4 ± 5.87 N [35.23, 47.56 (95% CI)] 
( (p<0.05) and the average break strength of the tissue engineered ET repair 
was 50.62 ± 8.17 N [42.04, 59.20 (95% CI)]  (p<0.05) (Figure 25A).  
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Figure 25 Showing break strength of modified Kessler (MK repair) as a 
control and repair with modified suture technique, tendon graft (TG repair) 
and engineered tendon (ET repair) with native tendon break (n=7), * 
indicates statistical significance of p<0.05 (A), Calculated strain on the 
tendon during mechanical tests, no statistical significance p>0.05 (B) 
 
The modified suture technique strength was three fold stronger for TG and four 
fold high for ET compared to MK.  The break strength of tendon with the MK 
repair (12.49 ± 1.62N) was less because, when two ends of tendon are pulled 
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together and sutured, it led to tension in the sutured region and repair failed at 
low force. Interestingly, it was found that, difference between modified suture 
technique for TG (41.4 ± 5.87N) and ET (50.62 ± 8.17N) was different, although 
the method and the person suturing was the same. This might be due to suture 
bite depth or individual variation in the suture techniques. 
Total calculated strain percentages (Figure 25B) on the MK repair was 19.40 ± 
1.45% [17.59, 21.20 (95% CI)] but, this strain increased for TG 26.42 ± 3.11% 
[22.56, 30.29 (95% CI] and ET repair 28.40 ± 0.9 % [27.28, 29.52 (95% CI] but 
increase in strain percentages was not statistically significant (P>0.005). 
However strain on the native tendon (NT) was 13.92± 1.66% [11.85, 16 (95% 
CI)] and it was constant for all tested NT. 
 By applying tenorrhaphy suture techniques strain on repaired tendon was 
increased from 13.92 % for NT to 19.40%, 26.42%, 28.40% for MK, TG and ET 
repair respectively, although increased strain was not statistically significant but 
strain was increased due to straining of the individual suture strand after it has 
reached maximum tensile load.  
Length of the core sutures and interlocking them away from tendon ends 
significantly influences resistance of the tendon and repairs fail at higher 
magnitude of force. This resistance was inadequate in control repairs which 
caused early repair failure and strain failure of more than 20% on the tendon. 
This however is a physiological anomaly as tendons in vivo are never subject to 
20% strain due to there not being enough space for a tendon to extend that 
much. 
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3.1.4 in situ relationship to repairs  
 
 
I have described testing which was performed ex vivo (described in 3.1.3). To be 
applicable for in vivo testing, I needed to test this technique in situ whether the 
suturing technique was feasible within the anatomical spaces available. Also ex 
vivo strain on tendon was more than 20% of its original size but physiologically 
tendon can take only 8-10% before they reach macroscopic failure (Wang, 
2006). 
 
Tenorrhaphy suture techniques was carried out in a cadaver rabbit hind leg 
(average age 12 weeks and average weight of hind leg was 124 grams) in a 
posterior tibial tendon (PTT) by exposing the inferior tibiofibular region (Figure  
8A). A PTT site was chosen for implantation because it is the strongest 
(261.08N) and longest (70mm) tendon in a rabbit. A mid-section of the PTT was 
divided and either a MK repair was performed or a 15mm section of the tendon 
was excised. Following this, TG/ET was placed in-situ and secured using the 
same suture technique as previously described in section 2.1.5. 
 
An in situ mechanical testing was conducted by clamping the hind leg to a 
loading machine (Figure 8B) with test speed of 50mm/min. (n=7). (Detailed 
method described in section 2.1.7). 
 
Testing of the tendons within the hind leg in situ revealed that native tendons 
failed at 71.69 ± 4.39 N [64.70, 78.68 (95% CI)] . Tendons repaired in situ within 
the hind leg had a break strength of   13.98 ± 2.26N [10.38, 17.57 (95% CI)]  for 
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MK repairs, for TG it was 23.52 ± 5.35N [15.00, 32.04 (95% CI)]  (p<0.05) which 
was significantly stronger. Similarly, for ET repairs, break strength was 24.60 ± 
3.92N [18.35, 30.84 (95% CI)]  (p<0.05) with reaching statistical significance 
compared to MK (Figure 26A).  
  
Similarly strain on the MK repair was (Figure 26B) 5.56 ± 0.75% [4.72, 6. 60 
(95%. CI)] and increased for TG 6.51 ± 0.90% [5.39, 7.63 (95% CI] and ET 
repair 7.50 ± 0.58 % [6.67, 8.23 (95% CI] but, strain on the native tendon (NT) 
was 9.81± 0.76% [8.18, 10.23 (95% CI)]. However increase in strain 
percentages were not statistically significant (P>0.05).  
 
All graft repairs failed at the sutures site. In pull out test it was observed that for 
MK all repairs broke at suture point but for modified suture technique, the tendon 
avulsed from muscle end, which signifies that developed suture technique was 
stronger compared to musculotendinous junction. (It should be noted that, by the 
time mechanical tests were carried out muscles were dead/inactive which made 
them weakest point of failure in a muscle-tendon –bone complex) The break 
strength of repairs was lower as compared to the ex vivo results because these 
repairs were already loaded due to space constraint and anatomical structure. A 
key finding in this study was that it does not affect the break strength of the 
repairs when tendons are repaired with TG or ET as sutures broke at same 
force (For  TG it was 23N and ET it was 24.60N). 
 
The strain percentages in situ were decreased as compared to the ex vivo data ( 
section 3.1.3) from which we can conclude  that in situ resistance to deformation 
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of the repaired tendon was higher  to the applied stress (force) and calculated 
strain  percentages  (TG = 6.51%, ET =7.50%) were within biological limits 
(average  strain limit in vivo is < 8-10% ). 
 
 
Figure 26Showing in situ mechanical testing of  modified Kessler and 
developed suture technique with tendon graft (TG), engineered tendon 
(ET) and intact tendon (NT),(n=7) * indicates statistical significance of 
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p<0.05 (A), Strain percentages on the repair during mechanical testing in 
situ (no statistical significance p>0.05) (B).  
A modified suture technique which I developed was tested and found feasible to 
use within the anatomical spaces available and this technique was stronger over 
MK which was able to load off the graft as mechanical properties for the TG and 
ET were equivalent. The strain placed on them was within normal physiological 
parameters i.e. less than 8-10%.  
 
3.1.5 Finite element analysis of the repairs  
 
 
Despite the fact that a novel suture technique was developed and tested to 
failure the results would match the break strength of NT (71.69N, in situ) but, it is 
clinically relevant as it is able to take on maximum strain (<10%) on them and on 
testing it was found to be stronger than MK which is a present day surgical 
repair technique gold standard (Havulinna et al., 2011). I have shown using ex 
vivo and in situ experiments that modified sutures in TG and ET are taking the 
load. However, it was unclear how much force was passing through the ET and 
suture points also 100% stress shielding ET will result in impaired tendon graft 
(Maquirriain, 2011). 
 
 In order to test and predict forces that would be transmitted through the 
implanted ET using our modified suture technique, a computational model using 
finite element analysis (FEA) was designed. 
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 It was found experimentally (mechanical tests) that when the modified suture 
technique is used, the repaired tendon breaks at a load of about 7.6 × 106 Pa. 
This break load was used in the simulations, which were carried out using 
COMSOL Multiphysics V3.5. Software (Detailed method describes in 2.1. 8)  
The Von Mises stress in the middle of the geometry, i.e. in the middle of the 
collagen graft (ET) (for the modified technique) or at the point of the running 
sutures (for the MK technique) are as follows (at a load of 8 ×106 Pa): 
 Standard MK technique: 5.6× 106 Pa 
 Modified technique: 2.8 × 105 Pa 
 
Figure 27  Showing the  Von Mises stress in the middle of the geometry, 
i.e. in the middle of the collagen graft (ET)  (at a load of 8 ×106 Pa):stress in 
a modified suture and a standard  technique in a load bearing in vivo 
model, reference bar from 0-9 MPa 
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It was calculated that stress was 20 times less if the modified technique is 
applied. The above results were obtained using a cuboid-shaped tendon (Figure 
27). The stresses are independent (differences are smaller than 5%) of the "bite 
depth", i.e. how far the suture goes into the material. These values are also 
independent of whether "contact pairs" between the sutures and the tendon/ET 
are implemented or not, demonstrating that the simulations are fairly robust.  
At a load of 8 × 106 Pa, the von Mises stresses on the sutures in the vertical 
centre of the geometry are as follows: 
 Standard technique  : 1.6× 108 Pa 
 Modified technique: 2.6× 108 Pa 
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Figure 28 showing load on the suture for the modified suture technique 
and standard MK technique at a load of 8 × 106 Pa. 
The stresses are calculated as higher for the modified technique. These results 
may seem surprising at first but the force is distributed onto four sutures, in case 
of the modified technique, as compared to two sutures for the MK technique. 
(Figure 28).  
Experimentally it was found that it is not always the same component that 
breaks first. Sometimes the suture is ripped out of the tendon, or sometimes the 
suture itself breaks. The break point of the collagen graft by itself was measured 
as 3.8 ×105 Pa. This is about 36% greater than the calculated stress (at an 
overall load of 8×106 Pa), which is in agreement with the experiment, data 
showing that the ET did not break.  An interesting finding was ET was not 100% 
stress shielded and there was 10% strain predicted on the ET using finite 
element analysis. 
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The calculated stresses on the sutures need to be compared to their break 
stress, which was measured to be 3.7×108 Pa (for the 0.27 mm diameter 
prolene 3-0 polypropylene suture).  Again the break stress is indeed close to the 
calculated stress of about 2.6 ×108 Pa. It is expected that the calculated stress is 
underestimated to some degree as the model assumes a "perfect suturing", i.e. 
each of the four suture points are at the same vertical positions and of the exact 
same length.  
In reality, one of the suture-connections may be slightly shorter than the other 
ones and hence experience a larger stress. Such a connection would then break 
first.  This shows again that the model is in good agreement with the experiment.  
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Original null hypothesis H0: - If a modified suture technique can be developed 
to hold ET in a place and take the mechanical load than standard modified 
Kessler suture technique, then ET can mature in vivo and over time and 
integrate into a fully formed tendon. 
 
The results showed that my load bearing modified suture technique (with 
prolene 3-0 for outer interlocking sutures and 6-0 for holding ET in a  place)   
was able to load off ET in ex vivo, in situ and FEA models and was stronger in 
an applied  load than MK suture technique  and able to withstand physiological 
strain (<10%). With sufficient evidence reaching statistical significance of P< 
0.05; therefore, the null hypothesis (H0) was disapproved.   
Interestingly I have shown that ET is not 100% stress shielded in a FEA  model  
and 10% strain is still passing through it  therefore  further investigation was 
needed to understand effect of 10% strain on ET and its mechanobiology. 
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3.2 Mechano-biology of the tendon fibroblast in an in 
vitro tissue model 
 
 
In the FEA model, (in the section 3.1.5) it was established that ET was not 100% 
stress shielded and was  subjected to 10%  strain, therefore further investigation 
was needed to understand mechanobiology of the tendon fibroblast (TF) under 
that 10% strain. The tendon mechanobiology depends on the TF which is the 
most dominant cell type and they are responsible for the adaptive response by 
increasing ECM turnover altering its cellular dynamics and   alignment and gene 
expression (Banes et al., 1999, Benjamin et al., 2002).  
The null hypothesis under test  is that  TF will respond to mechanical forces 
(10% cyclical strain per hour) by aligning itself in the direction of the force with 
increased  gene expression of tendon specific genes (Collagen I, Collagen III, 
TGF-b, Tenomodulin) (Chen et al., 1999, Docheva et al., 2005, Camelliti et al., 
2005).  
To investigate effect of 10% strain on the TF, I fabricated an in vitro tissue model 
incorporated with TF called tendon fibroblast populated collagen lattice (tFPCL) 
(1,000,000 cells/ml). This hydrated collagen lattice model has been used to 
study mechanobiology of various cell types in vitro (Eastwood et al., 1996, 
Elsdale and Bard, 1972, Bell  et al., 1979). 
The tFPCLs were fabricated as per previously described in the section 2.2.2 and 
attached to custom built force monitors, Culture Force Monitor (CFM) and 
tensioning-Culture Force Monitor (t-CFM) (details about instruments described 
in section 2.2.3). One arm of tFPCL was connected to the force transducer and 
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another to the ground point (Figure 12). Contraction profile of tFPCL was 
quantified by reading taken on the P3 strain indicator for every second over 24 
hours (n=5). Detailed method described in section 2.2.3. 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
 
3.2.1 Contractile profile of TF under static load  
 
 
It is has been reported that tendons are more flexible in the developing stage 
compared to mature tendons and TF are more contractile and mechano-
adaptive in early stage of development (James et al., 2008). In this study, TF 
was also studied for the contractility under different passage numbers P0, P1, 
P3, and P6 to understand their contraction profile depending upon passage 
number. 
The CFM is an established model which was used to measure accurately the  
forces generated by the TF in the initial cellular contraction in tethered tFPCL. 
The contraction produced by the CFM was correlated to the model previously 
described by the Kolonney, Wysolmerski and Eastwood et al., in fibroblasts and 
endothelial cells respectively (Kolodney and Wysolmerski, 1992, Eastwood et 
al., 1994a). 
The stability and accuracy of the CFM inside incubator was calibrated by 
applying constant weight. An initial trial run was performed by dermal fibroblast 
to check results and instrument output in correlation to the previous finding 
(Eastwood et al., 1996). The mechanical damping was accurate when tFPCL 
adhered to the force transducer. (Details method described in section 2.2.3). 
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The cell free collagen gels were cast and loaded on the CFM in order to study 
actual effect of cell free contraction. These force records were used as a control 
in the experiment.  
 
 
Figure 29 showing cell free contraction of the collagen hydrogel in 24 
hours. The cell free collagen lattice showed a typical baseline response of 
gel contraction under static loading with minor contraction of  24.3 N× 10-5 
and these contraction remained constant for till 24 hours 25.1 N× 10-5 
(n=5). 
The cell free collagen lattice showed (Figure 29) a typical baseline response of 
gel contraction under static loading. Initial contraction was 24.3 ±1.5 N× 10-5 
[23.21, 25.19 (95% CI)] (n=5) as the gel was continually cross linked over period 
of time, these contractions were constant from 8 to 24 hours (25.1 ±0.5 N× 10-5 
[24.09, 25.23 (95% CI)] (n=5) hence it was evident that steady state of force was 
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maintained. These  minor contraction in cell free collagen gel has been reported 
due to fibril maturation and binding by Wood and Keech (Wood and Keech, 
1960). 
Contraction profile for different passage number of TF (P0, P1, P3, and P6) was 
studied. It was observed that at the P0 cells were more contractile as they 
generated maximum force (81.8 N×10-5) in the early hours under static load. 
When gels were seeded by TF at P1 the calculated maximum force was less 
(70.1 N×10-5) and TF continued to generate lesser maximum contraction forces 
at P3 (48.2N×10-5) and P6 (26.6N×10-5) (Figure 30) 
 
Figure 30 showing early contraction forces for the for different passage 
number of TF (P0, P1, P3, and P6). P0 cells were more contractile as they 
generated maximum force (81.8 N×10-5) in the early hours under static load 
as compared with P1 where  calculated maximum force was less (70.1 
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N×10-5) and TF continued to generate lesser maximum contraction forces 
under P3 (48.2N×10-5) and P6 (26.6N×10-5) (n=5) 
 
In the view of contractile profile of the TF under different passage number all 
gels were cast with P0 cells and statically loaded s described above. 
 The contraction of TF at P0 was divided into 3 distinct phases. First phase was 
between 0 to 4 hours, where force was generated exponentially to 81.8 N×10-5 
from 0 dynes. Phase two was between 4 to 20 hours, which consisted of minor 
contractile forces that resulted in a plateau phase till 20 hours, where force was 
87.1 N×10-5. In this phase, contraction was maintained since contractile force 
applied to the beam continued to be exerted. In phase three, from 20 to 24 
hours force output measured was reduced to 82.3 N×10-5.  
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Figure 31 Complete contraction of TF at P0 in to three distinct phases. 
First phase was between 0 to 4 hours, where force was generated 
exponentially to 81.8 N×10-5 from 0 dynes. Phase two was between 4 to 20 
hours, where force was 87.1 N×10-5. In phase three, from 20 to 24 hours 
force output measured was reduced to 82.3 N×10-5. (n=5) 
 
The CFM graph showed that an initial pattern in the phase one (0 to 4 hours) is 
due to cell-matrix attachment, cell motility and traction forces (Eastwood et al., 
1996). In phase two (4 to 20 hours) steady state pattern was formed. In the 
phase three patterns (20 to 24 hours) was variation in the actively relaxing and 
contraction of the cells (Figure 31). 
It was concluded that P0 cells are more contractile than P1, P3 and P6 therefore 
I selected P0 cells for cyclic loading of TF and also for in vivo studies. 
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3.2.2 Contractile profile under cyclic load t-CFM 
 
 
Cellular contractions involving cytoskeletal system which exert force on the ECM 
are essential for tendon healing but most of the cellular contraction studies have 
been reported using dermal fibroblasts as a wound healing model (Brown et al., 
1998b, Dahlmann-Noor et al., 2007, Eastwood et al., 1994b, Liu et al., 2010). 
Previously at our centre we have studied cellular contraction in the dermal 
fibroblast using custom build tensioning force culture monitor (t-CFM) (Eastwood 
et al., 1998). But effect of cyclic loading in TF is still not clear (Wang, 2006) 
 
To investigate effect on 10% cyclic loading on the tFPCL, collagen gel was 
seeded as previously described in the CFM section. In all experiments P0 cells 
were used to test the effect of 10% strain on TF using cellular morphology, 
alignment and up-regulation of tendon specific genes as markers of cellular 
response to this strain. The t-CFM was set up and calibrated by attaching a 
stable metal rod. Recorded force was constant and indicated accuracy of the t-
CFM. (Detailed method described in section 2.2.4). 
Acellular gels were cast and tethered to the t-CFM to establish baseline data   
and unloading of the collagen gel to 10% strain. 
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Figure 32  showing contraction of the cell free collagen gels under 10% 
cyclic load  calculated maximum force was  438 N×10- in cell free collagen 
lattice there was no residual displacement in 15 minutes during rest time 
between each loading and unloading.  
 
The response of the cell free collagen is shown in   Figure 32 under applied load 
the maximum force was 438 N×10-5. However, in cell free collagen lattice there 
was no residual displacement in 15 minutes during rest time between each 
loading and unloading period. During resting period displacement was linear 
with a recorded difference of 10.1±1.8 N×10-5  [9.90,10.65, (95 %CI)] at 
unloading and 8.5±2.6 N×10-5 [8.4,8.64, (95 %CI)]  on loading. 
 After establishing cell free collagen gel response to 10% cyclic load, I next 
tested  the effect on the TF seeded collagen gels under 10% strain. Gels were 
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seeded with 1,000,000 cells/ml of P0. Gels were cast and loaded as described 
above (Detailed method in the section 2.2.3) 
There was exponential increase in the net contractile forces generated by tFPCL 
in 4 hrs, to 83 Nx10-5, from 0 hrs, when internal traction forces were reduced and 
net contractile force reached at a plateau level. Then 10% external strain was 
applied on the tFPCLs, which resulted in the exponential increase in the force to 
445.23± 2.34 Nx10-5 [442.12, 449.23, (95 %CI)]. When external load was 
invariant at resting time, then residing TF in tFPCL dropped endogenous force 
and exerted force in the opposite direction. Therefore there was a decrease in 
the net contractile force to 425.1 ± 11.18 Nx10-5 [419.65, 436.11, (95 %CI)] 
 
Figure 33  showing effect of 10% cycling loading on the tFPCL at the end 
of 4 hours net contractile force was recorded as 83 Nx10-5, from 0 hrs after 
traction forces decreased. Then 10% external strain was applied on the 
tFPCLs, and maximum force was 445 Nx10-5. When force was dropped 
cells exerted force in the opposite direction. Therefore there was a 
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decrease in the net contractile force to 425.1 Nx10-5.cycles shown for 18 
hours 
Similarly, when tFPCL was unloaded then residential TF built up net contractile 
force from 100.1 ± 12.56 Nx10-5 to 93.6 ±8.12 Nx10-5 (Figure 33). Hence it was 
evident that endogenous matrix tension was maintained by TF in the tFPCLs by 
cellular response in the opposite direction of applied force to maintain ECM 
matrix tension by phenomenon known as ‘tensional homeostasis (Brown et al., 
1998).  
 
 
Figure 34 showing change in the peak force during resting period for 
cellular gels and acellular gels change in the peak force for the cellular gel 
was 18.2 Nx10-5 at 1st hour to 3.1 Nx10-5 at 16th hour (figure 5.1). But 
difference in the change force in the acellular gels was marginal, 4.23 
Nx10-5 to 0.8 Nx10-5 
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As cycles were increased there was a change recorded in the peak force during 
resting phase  from 18.2 ± 1.19 Nx10-5 at 1st hour to 3.1 ± 0.87 Nx10-5 at 16th 
hour (Figure 34). But the difference in the force in the acellular gels was 
marginal, 4.23 ± 0.98 Nx10-5 to 0.8± 0.02 Nx10-5. This was because matrix was 
getting stiffer and cells could not exert as much force as compared to the early 
hours to maintain tensional homeostasis (Brown et al., 1998b).   
(The t-CFM is a mechatronic device used to study TF mechanobiology in 
residing collagen matrix quantitatively and it is highly sensitive method as force 
transducers is able to measure contraction up to N×10-5)   
 
3.2.3 TF aliment under applied force  
 
TF residing in native tendons  are mechano-sensitive and alter their orientation 
and structural properties in response to loads (Benjamin et al., 1986) therefore it 
was prerequisite to understand  the effect of 10% load on the TF and how it 
affects morphological  properties of TF in vitro in the collagen lattice . 
To study cellular alignment 1cm sections of tFPCLs were fixed in 4% formalin 
saline for 30 minutes and blocked in 0.15% triton-X in PBS.  Stained for 1.5% 
phalloidin and 1% DAPI for florescence microscopy (detailed method described 
in the 2.2.6.1 
The cellular alignment studies after 24 hours Figure 35 shows that in the tFPCL- 
static cellular morphologies were bipolar and stellate with nonaligned orientation 
of the cells (Figure 35B). Although loading resulted in the stretching of the cells, 
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this could be correlated to the non- loaded tFPCL, where cells were not able to 
stretch (Figure 35A).On the loading tFPCL-cyclic resulted in the maximum 
cellular response along with cellular strain gradient i.e. relation load between 
applied strain (10%) to the cellular morphology (Figure 35C). All cells were 
aligned in the direction of the applied force which signifies that TF align itself 
physiological under load for maximum force transmission across. 
The correlation between tFPCL- static and tFPCL- cyclic is that, in both, cells 
were able to sense mechanical tension on them which resulted in the 
phenomenon called as “mechanical adaption” (Brown et al., 1998b). However, 
on applying cyclic load (tFPCL- cyclic), mechanical adaption of the cells was 
highest in terms of cellular orientation and alignment.  
 
Figure 35 Showing cellular alignment of the tendon fibroblast after 10% 
cyclic load, non- loaded tFPCL, where cells were not able to stretch  (A) 
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tFPCL- static cellular morphologies were bipolar and stellate with 
nonaligned orientation of the cells(B), tFPCL-cyclic resulted in the 
maximum cellular response along with cellular stain gradient (C) which 
could be correlated to the native tendon (NT) (D). Scale bar for all images 
shown at left bottom of image (C). 
Similarly, cellular alignment and morphology was found in the native tendon 
(Figure 35D). TFs were seen aligned in the one plane and in between collagen 
fibres. Cellular alignment and morphology plays a vital role in the tendon so that 
maximum force could be transferred across tissue (Wang, 2006). 
As described above that, under tension TF undergoes mechanical adaption with 
cellular alignment and orientation. This alignment was further studied by 
calculating angle of cellular alignment. Method of angle calculation is described 
in the method section 2.2.4.  A frequency plot was tFPCL-static and tFPCL-
cyclic at 24 hours.  
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Figure 36  showing angle of orientation of the tFPCL static and tFPCL 
cyclic. For tFPCL-static angle of cellular alignment was ununiformed from 
0º to 180º degrees but the tFPCL-cyclic alignment was in the angle of 110º 
to 180º and showed normal distribution.  
 
In the tFPCL static angle of cellular alignment was ununiformed from 0º to 180º 
degrees but the tFPCL-cyclic alignment was in the angle of 110º to 180º and 
showed normal distribution. This alignment of the cells is based on the principles 
of strain gradients (i.e. 10%). The maximum strain on the surrounding matrix 
resulted in the matrix remodelling and cellular alignment.  
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3.2.4 Loading effect on the cellular deformation  
 
A mechanical force also leads to cellular deformation and biochemical signalling 
and cellular alignment in the tendon. Cellular deformation in the tendon is an 
indication that TF adapts to the mechanical force and transmit it across without 
losing its mechanical dynamism (Arnoczky et al., 2002b). 
To study cellular deformities of the TF, 1cm sections of tFPCLs were stained 
after loading of 24 hours with 1% phalloidin and 0.5% Propidium iodide (PI) for 
confocal microscopy to analyse cellular and nuclear deformation under static 
and cyclic load. Area for each cell’s nuclei and cytoplasm was calculated by 
method described in the section 2.2.6.2 
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Figure 37 showing cellular deformation under load for tFPCL. No 
deformation was seen for unloaded TF (A) but few percentage of 
deformation was seen for tFPCL-static (B) and it was highest for tFPCL-
cyclic (C) with standard deformation for the native tendon (D). Scale bar 
for all images shown at right bottom of image (C) (n=7). 
 
Cellular deformation studies indicated that in tFPCL – cyclic (Figure 37C), cell’s 
nuclei was deformed, along with cell membrane, demonstrating cell response to 
mechanical load identical to in vivo (Figure 37D). The ratio of the change in the 
area nucleus and cytoplasm was 36.36 ± 14.47% [32.34, 45.67, (95 %CI)] 
(Figure 38). In tFPCL– static (Figure 37B) there was no major nucleus or cell 
membrane deformation seen. The area change in the nucleus and cytoplasm 
was 80.49 ± 11.05% [75.29,92.45, (95 %CI)]; this type of morphology of the cell 
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in tFPCL-static cannot transmit maximum force across matrix but deformation in 
the cell nuclei in the tFPCL-cyclic   leads to maximum force transfer across the 
matrix  (Arnoczky et al.,2002). However in tFPCL this deformation was not seen 
(Figure 37A).   
 
 
Figure 38 Showing ratio of the change in the area of nucleus to cytoplasm 
of the tFPCL under static and cyclic load after 24 hours of loading (n=7). 
*denotes statistical significance of P<0.05 
 
3.2.5 Collagen remodelling  
 
 
Mechanical signals could affect collagen network by altering its fibril direction 
and angular distribution by adapting to the force (Melis et al., 2002). In tendon, 
collagen plays vital role for maintaining tissue integrity and determining tissue 
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function therefore Sirius-red method to determine collagen integrity is valuable 
(Rich and Whittaker, 2005). In the event of tFPCL loading and unloading, 
cellular and ECM mechanisms were enhanced (described in section 3.1.3 and 
3.1.4) 
 
To capture basic effects of this adaptation, characteristics of ECM to mechanical 
forces, tFPCL was studied by Sirius-red staining. Post loading tFPCL was 
embedded in paraffin wax and each 5 µm section of tFPCL was stained for 
Sirius-red stain (n=4). (Detailed method described in section 2.2.5) 
 
 
Figure 39 showing histological section of tFPCL stained with Sirius- red, in 
the unloaded section less uptake was seen (A), there was intense stain as 
compared to the unloaded (B), there was more predominant uptake of the 
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stain and collagen fibrils were remodelled, oriented and aligned in the 
direction of the force(C) and native tendon as a positive control (D) (n=4). 
In histological sections of tFPCL-cyclic (Figure  39C) identical to native tendon 
(Figure  39D)    there was predominant uptake of the stain and collagen fibrils 
were remodelled, oriented and aligned in the direction of the force, although it is 
early to confirm neo-collagen synthesis by TF. In tFPCL- static (Figure 39B) 
there was intense strain as compared to the unloaded tFPCL (Figure 39A) and 
fibrils were partially oriented but due to static load, cell mediated remodelling 
was poor. 
 
This collagen intensity was quantified by using pixel intensity of tFPCL (Method 
of pixel intensity calculation described in the section 2.2.5.1). The gray values 
for the tFPCL-cyclic was predominant (145± 23 pixel) [142.45, 152.76, (95 %CI)] 
(P< 0.05) but this value was calculated lower for tFPCL-static (65± 19 pixel) 
[61.12, 69.23, (95 %CI)] and tFPCL-control (41±5 pixel) [40.12, 46.12, (95 %CI)]  
 
3.2.6 Effect on gene expression under load  
 
TF can sense mechanical stress on it and they increase production of ECM 
remodelling genes such as collagen I and collagen III(Wang, 2007). Additionally 
they are responsible for maintaining ECM components by increasing production 
of growth factors such as TGF-b (Camelliti et al., 2005) which stimulate 
transcriptional factor for collagen type I  procollagen gene (Chen et al., 1999). 
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Tenomodulin gene is tendon specific and highly expressed during tendon 
injuries for TF proliferation and maturation ( Wang,2006) 
To study gene profile of Collagen I, Collagen III, Tenomodulin and TGF-b,  
tFPCL  were loaded for 72 hours. RNA was isolated using TRIzol method and 
yield was quantified using spectrophotometer. Gene quantification was 
determined by ABI 7300 real time PCR machine (qPCR) (Applied Biosystems, 
UK) with custom designed and synthesised primers were used for qPCR (Table 
2.1). PCR results were analysed by relative quantification method and values 
were normalised to control and GAPDH as a housekeeping gene by method 
described by Yuan et, al.  (Yuan et, al. 2006) (n=5). The gel electrophoresis was 
performed for purity of RNA, cDNA and PCR product confirmation on 2% 
agarose gel (Detailed method described in section 2.2.7) 
The qPCR’s RQ values indicated that all genes were upregulated in tFPCL-
cyclic as compared to tFPCL-static. Collagen I (RQ 4.45) [4.2., 4.54, (95 %CI)] 
(p <0.05) in tFPCL-cyclic was fourfold higher to tFPCL-static (RQ 1.8) 
[1.56.1.91, 4, (95 %CI)]. Collagen III in tFPCL-cyclic (RQ 0.22) (0.19,0.23, (95 
%CI)] was one fold higher than tFPCL-static (RQ 0.12) [0.09,0.15, (95 %CI)] (p 
>0.05).The Tenomodulin tFPCL-cyclic was highly expressed (RQ 1.2) 
[0.93.1.29, (95 %CI)] to tFPCL-static  (RQ 0.24)  [0.21,0.26, (95 %CI)] (p <0.05) 
and TGFb was twofold higher expressed in tFPCL-cyclic (RQ 0.55) [0.53, 0.56, 
(95 %CI)]  as compared to the tFPCL-static (RQ 0.1) [0.09, 0.11, (95 %CI)] (p 
>0.05)  (Figure 40A). Gel electrophoresis bands confirmed that PCR was 
effective with constant expression of GAPDH (Figure 40B) 
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Figure 40 Gene expression profile of the tendon specific genes Collagen I, 
Collagen III, Tenomodulin and TGF-b after 72 hours under static and cyclic 
load. Gene relative quantification  expressed as fold change to the control 
(unloaded tFPCL), (n=5) * indicates statistical significance of p< 0.05, A, 
Gel electrophoresis bands confirmed that PCR was effective with constant 
expression of GAPDH as housekeeping gene B. 
 
The increase in the gene expression in tFPCL-cyclic loaded as compared to the 
tFPCL-static loaded was indication that TF could sense mechanical stress on 
them. Also, by changing its cellular dynamics, the fold changes in the genes 
increased remodelling mechanism and matrix stiffness. 
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In this study, Collagen I and Collagen III which are ECM specific genes have 
been upregulated. Tenomodulin expression also was increased which  is 
responsible for initiating  tendon repair mechanism as well as TGF-b which 
primarily activates various signalling cascade. These gene expressions were 
higher as compared to the tFPCL-static and control.  
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Original null hypothesis (H0):- TF will respond to mechanical forces (10% 
cyclical strain per hour) by aligning itself in the direction of the force with 
increased gene expression of tendon specific genes (Collagen I, Collagen III, 
TGF-b, Tenomodulin). This early adaptive response will initiate matrix re-
modelling and increase in the mechanical break strength of the ET  graft over 
period. 
 
Mechanobiology studies showed that endogenous matrix tension was  
maintained by tensional homeostasis and also showed significant upregulation 
of matrix remodelling genes COL1 (RQ 7.2), COL3 (RQ 0.8), Tenomodulin (RQ 
2.3) and TGF-b (RQ 4.8) [p<0.05] Immunofluorescence microscopy images at 
24 hours showed that on static load all cells were attached but had non-aligned 
morphology whereas in the cyclic load all cells were aligned in the direction of 
the force with sufficient evidence reaching statistical significance of P< 0.05; 
therefore, the null hypothesis (H0) was disapproved.   
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3.3 In vivo studies   
 
 
An active function of the tendon graft is determined by: - (1) Ability to provide a 
short-term stability of the cell transplant and allow for integration into host 
tissue with higher porosity for cell attachment.(2) They should match the 
mechanical properties of the host tissue and respond to its kinetics. (3) Fibril 
alignment influencing the architecture of the graft (Evans, 1975, Liu, 2008, 
Ho, 2014)  
In this study, engraftment was crucial as small gapping between ET and NT 
would result in impaired tendon graft, therefore, the hypothesis under test is 
that in-vivo implantation of  ET (cell seeded  with tendon fibroblasts and acellular 
) as a tendon graft in a lapine model will mechanically integrate and regain its 
function by ECM remodelling by 12 weeks. 
To investigate efficacy of ET and load bearing suture technique lapine model 
was used. Tissue engineered tendon grafts were fabricated and divided into two 
groups; acellularised grafts (AC) and cellularised grafts (CC) which were seeded 
with TF of P0 (Described in the section 2.3.1 ). To ensure safety of the ET after 
fabrication these grafts were tested for the microbial contamination and all tests 
were reported as a negative. During surgery PTT was exposed and tendon 
defect of 2cm was created. This defect was filled with ET and TG and secured 
with running sutures. A modified suture technique was applied in all test groups 
and MK to control groups (Detailed method described in section 2.1.5). 
137 
 
In this part, material properties of ET in vivo, tendon repair mechanism, load 
bearing capacity of  a novel  suture technique  and how it affects ET maturation 
and  remodelling  over 1, 3 and 12 weeks  in vivo was tested. 
 
It should be noted that post-surgery wounds were not closed with occlusive 
dressing. Additionally, use of Elizabethan collar was not required, although they 
were actively mobilised. All animals were periodically inspected by appointed 
veterinary physician and they did not show any sign of pain until they were 
euthanised.  
 
3.3.1 Angle of rotation of the hind leg 
 
 
In orthopaedic practice, intuitive damage to native tissue or bone could occur 
during surgery; therefore the angle of rotation and orientation is always 
measured to demonstrate any deformities after surgical intervention (Roussouly 
and Nnadi, 2010). 
The angle of rotational deformity was calculated to demonstrate any deformation 
of the right hind leg before surgery, post-surgery, 1, 3 and12 weeks as well as 
right leg (non Op hind leg) as a positive control (n=4). Method of rotational angle 
calculation is described in the method section 2.3.1.1 
The average angle of rotation before surgeries (139 ± 11°) [132.12, 144.32, (95 
%CI)] to post surgery was linear {control (135 ± 19°) [131.43, 152.45, (95 %CI)], 
AC (134 ± 29°) [123.67, 159.13, (95 %CI)], CC (131 ± 42°) [123.67, 154.23, (95 
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%CI)] and positive control (137 ± 24° ) [123.32, 149.21, (95 %CI)]} Similarly, this 
angle was constant at 1 week {( control 140 ± 04°) [134.29, 156 .29, (95 %CI)], 
(AC 138 ± 42) [121.56, 156.89, (95 %CI)] ,(CC 139 ± 45°) [119.45, 154.76, (95 
%CI)], positive control (141 ± 16°) [138.45, 154.78 , (95 %CI)]}, 3 weeks  [control 
(138  ± 11°) [123.67,167.65, (95 %CI)],(AC 141 ± 21°) [119.12, 167.43, (95 
%CI)], (CC 142 ± 24°) [121.65, 167.34, (95 %CI)], (positive control 141 ± 30°) [ 
122.23, 154.45, (95 %CI)]} and 12 weeks    {control (139 ± 32°) [121.67, 145.45, 
(95 %CI)], AC (140 ± 14°) [129.45, 167.32, (95 %CI)], CC (143 ± 46°) [121.45, 
167.43, (95 %CI)], positive control (145 ± 56°) [119.11, 201.32, (95 %CI)] } (p > 
0.05)  (Table 4). 
 
 
 
 
Table 4 Illustrating different angles of rotation of the hind leg (Op site) for 
control and test group at time 0, 1 , 3 and 12 weeks whereas for positive 
control was non Op hind leg. [Data described as mean angle (º) and SD 
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with n =4] results indicating there was no significant increase or decrease 
in the angle of rotation P< 0.05 
 
This signifies that surgical procedure, application of MK and modified suture 
technique with ET and TG in test and control group did not affect angle of 
rotation and orientation of the hind leg was not compromised. Results showed 
that there were no statistically significant deformities measured (P< 0.05). 
 
3.3.2 Engraftment  
 
 
The active engraftment of function of the tendon graft is determined by 
integration to the host tissue, any adhesion to the surrounding tissue and 
viability of the graft (Liu et al., 2008). To study engraftment of ET, all animals 
were euthanized by standard procedure described in Animal protection act 1986 
by the Home Office. 
 Immediately after euthanization, insertion was made away from Op site to 
maintain integrity of the graft and entire PT tendon was excised. (Detailed 
method described in the section 2.3.4)  
 
At end of testing period (i.e. 1, 3 and 12 weeks after implantation)   graft were 
visualised in the between tendon defect with bridged integration without any 
gapping in between ET and NT (Figure 41). These grafts were viable (visual 
screening) without any scar tissue formation and adhesion to the surrounding 
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tissue and no hyperemia was present.  An absent of adhesion was confirmed by 
method described by (Oryan et al., 2013). However there was a large amount of 
inflammation observed by the end of 1 week (visual screening) (Figure 41B).  . 
The inflammatory response was reduced by 3 weeks (Figure 41C) and by 12 
weeks (Figure 41D) there was marginal inflammation near Op site. The 
inflammation could be related to the early wound healing response. Further 
inflammatory response was studied in detail by H and E staining in the section 
3.3.5  
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Figure 41 Showing engraftment of the ET to the NT. In control group TG 
avulsed from the proximal end, arrow showing gapping between tendons 
ends (A), In the 1 week ET is in intact between NT with increased in the 
size (B), by 3 and 12 weeks graft is still persisted in between NT. There no 
adhesion was seen (C) and (D). Scale bar for all images shown at  bottom 
of image (D) 
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Table 5 showing dichotomous outcome for the survival of graft in vivo at 
end of 1, 3 and 12 weeks. In control groups with TG (MK suture method) all 
grafts were not able to survive but in AC and CC (Modified suture method) 
they were intact.  
 
In the control studies of 1, 3 and 12 weeks grafts were avulsed from the suture 
point (Figure 41A). This avulsion was due to active mobilisation of the animals, 
where standard suture technique (Modified Kessler) was not able to comply with 
force exerted by the native tendon during locomotion. Whereas, an advantage of 
the modified suture technique was that it could survive the force exerted by the 
tendon without constraining animal movement post Op, as well as 
immobilisation, which is a standard practice at present (Hettrich et al., 2013). 
Measuring gross pathology is a common clinical practice to measure systematic 
tissue morphology to detect any pathological significance in this correlation after 
tenotomy of PT tendon in both MK group (control) and Modified suture   group 
(test) gross measurements were performed (n=4). 
The average transverse diameter of the graft was 8 ± 0.23 mm [7.92, 8.29, (95 
%CI)] at day 0. This diameter increased significantly within a week to 23 ± 8  
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mm  [19.21, 29.01 , (95 %CI)]  for AC( Figure 42A ) and to 28 ± 12 mm [21.99, 
34.19, (95 %CI)]  for CC  (P< 0.05) ( Figure 43A )   but ETs were intact between 
NTs. This diameter was reduced by the end of 3 weeks in AC to 12.4 ± 4.29 
[9.21, 17.43 (95 %CI)] (Figure 42B) mm and in CC to 11.17 ± 3.19 mm  [9.31, 
15.32 , (95 %CI)] (P < 0.05) and was significant ( Figure 43B) 
 
 
Figure 42 showing gross observation of the PT tendon with ET 
incorporated at the end of 1 week where ET diameter was increased (A), 
but this diameter decreased by 3 weeks (B) and further decrease in the 
diameter was seen by 12 weeks (C) for acellular graft. Scale bar for all 
images shown at bottom of image (D) 
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By 12 weeks there was a statistically significant reduction {(AC 8.34 ± 0.89 mm  
[7.21, 8.67 , (95 %CI)], CC 6.18 ± 0.71 mm  [5.89, 7.11 , (95 %CI)] } (Figure 42C 
and 43C) (P< 0.05) in the diameter and it was reduced to the diameter of the 
native tendon (5.3 ± 1.2 mm). However in control groups 1, 3 and 12 weeks, in 
all cases, tendon grafts were avulsed from the proximal ends but there was no 
change in the diameter of tendon grafts at each time point. (Average diameter 
was 5.4 ± 2.3 mm). 
 
 
Figure 43 Gross measurements for the cellular grafts at end of 1 week where ET 
diameter was increased (A), but this diameter decreased by 3 weeks (B) and 
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further decrease in the diameter was seen by 12 weeks (C). Scale bar for all 
images shown at bottom of image (D) 
 
A decrease in the diameter of the ET over period of time was an indication that 
there was reduction in the extracellular fluid, inflammation (inflammation studied 
in detailed in the section 3.3.5) and ET was getting mature over time. 
Additionally, equivalence in the diameter of ET and NT by 12 weeks resulted in 
equal stiffness to the NT because stiffness is directly proportional to the 
diameter (Proske and Morgan, 1987). 
 
3.3.3 Mechanical properties of the repair (ET incorporated)  
 
 
The mechanical property of the tendon graft is a crucial factor as an implanted 
graft should with integrate  with native tendon to withstand loading effect and 
strength exerted during locomotion (Lichtwark and Wilson, 2005). 
To determine whether PT tendon with ET over 12 weeks has higher material 
properties (break strength, modulus and stiffness) than 1 week, mechanical 
tests were conducted. These tests were performed immediately after animal 
euthanasia to avoid any physical or chemical alternation in the tendon 
properties.  All the mechanical tests were carried out to failure at each time point 
(i.e. 1, 3 and 12 weeks) for AC and CC. In the control group, graft was avulsed 
from junction point and had created a gap from proximal end due active 
mobilisation of the animals hence conducting mechanical tests were invalid. 
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Therefore all mechanical tests were on the test group (n=3). (Detailed method 
described in the section 2.3.5) 
(It should be noted that while testing these repairs, external load bearing sutures 
were removed to calculate actual break strength).  
The mechanical properties for the ET was calculated as entire PT tendon was 
loaded on the Zwick machine and break strength stiffness and modulus was 
calculated at each time point (1, 3 and 12 weeks) 
 
 
Figure 44 showing mechanical tests of the repairs of in vivo tendon, at 1 
week repair broke at midsubstance that is in between ET (A). In the 3 and 
12 weeks study break point was suture point (B) solid black arrow 
showing break point where as blank arrow showing suture points (n=3). 
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In the acellular graft (AC) group the break strength at time 0 (4.41±0.72 N) [4.28, 
4.54, 95%CI] was equivalent to the cellular graft group (CC ) (time 0). At 1 week] 
this break strength was decreased (2.03 ± 0.14 N) [1.71, 2.36, 95%CI] 
compared to time 0. However, by end of 3 weeks there was significant increase 
in the break strength (12.14 ± 0.91 N) [10.68,13.59 ,95%CI]  (p< 0.05) and it was 
highest in the 12 weeks  (24.75 ± 1.78 N)  [23.22,26.27,95%CI]   (p< 0.05). In 
the CC group, there was significant increase in the mechanical break strength 
(35.02 ± 2.1 N) [31.56,38.43,95%CI]   (p< 0.05) for 12 weeks (n=3) and (16.26 ± 
0.58 N) [15.33,17.18 ,95%CI]  (p< 0.05)] for 3 weeks (n=3) as compared to 1 
week (1.93 ± 0.20 N) [1.70, 2.17 95%CI]  (n=3) ( Figure 45 ). 
 
The results also showed at 12 weeks (Figure 45) there was significant increase 
in the break for AC and CC therefore encapsulating ET with TF was beneficial   
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Figure 45 showing mechanical test output for the PT tendon incorporated 
with ET at time 0 break strength was equal for AC and CC group but at end 
1 week it was reduced however by 3 weeks and 12 weeks there was 
statistical significance increase in the break strength also for 12 weeks 
there was statistical significance between AC and CC, (n=3), * denotes 
statistical significance of P< 0.05 
 
The calculated modulus (method described in section 2.3.5)  of the ET for the 
pre implantation, (day 0) was 0.44±0.03 MPa [0.39, 0.50, 95%CI] for AC and 
0.42 ± 0.03 MPa [0.41, 0.49, 95%CI] for CC. After implantation, the modulus  
decreased to 0.34 ± 0.4 MPa [0.25, 0.41, 95%CI]  in AC and 0.29 ± 0.3 MPa 
[0.22, 0.35, 95%CI] in CC group within one week, this modulus increased 
marginally by 3 weeks to 0.59 ± 0.5 MPa  [0.39, 0.50, 95%CI] in AC and 0.81± 
0.55 MPa  [0.72, 0.90, 95%CI] in CC (P > 0.05) but, by 12 weeks there was  
significant increase in the modulus of the AC and CC to 3.4± 1.10 MPa [2.61, 
4.26, 95%CI] and 5.88 ± 0.54 MPa [5.01, 6.75, 95%CI] (P < 0.05) respectively, 
which was significant. These results indicated that within 1 and 3 weeks ET 
modulus was less due to progression of maturation of  ET in vivo   therefore it 
yielded lower modulus than 12 weeks for AC and CC. (At end of 12 weeks 
modulus was highest) ( Figure 46A ) 
The stiffness of the ET is an important factor as stiffness is related to the 
resistance to deformation under applied force by the NT over period of time. At 
time 0, for 12.47±0.48 %   [11.69, 13.25, 95%CI] AC and 13.01±1.1 % [11.26, 
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14.78, 95%CI] CC but at 1 week, strain grafts were increased to 21.250 ±1.7 % 
[18.53, 23.69, 95% CI] for AC and 24.01 ±2.16 % [20.56, 27.43, 95% CI] for CC 
increased in the strain resulted in less stiffer and weaker grafts at 1 week. 
However at the end of 3 weeks grafts increased in stiffness and resulted in less 
strain (15.62±1% [13.43, 17.81, 95%CI] for AC and 12.04 ±0.82% [10.73, 13.35, 
95%CI] for CC. The grafts continued to gain stiffness over period of 12 weeks, 
recorded strain at 12 weeks for AC was 9.97±1.19% [8.06, 011.87, 95%CI] and 
for CC was 6.42±0.43% [5.72, 7.11, 95%CI] ( Figure 46B ) 
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Figure 46 Showing modulus of the PT tendon incorporated with ET at time 
0, 1 week, 3 weeks and 12 weeks. The modulus  increased over time and 
was  statistical significant by 12 weeks (A), Strain% were decreased over 
time 1,3 and 12 weeks signifies stiffness was increased over time (B), 
(n=3), *denotes statistical significance of p< 0.05 
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An interesting observation was made that  (Figure 44A) in both AC and CC at 
Time 0 and  1 week break point was at midsubstance (i.e. in between grafts) 
whereas for 3 and 12 weeks both AC and CC break point was at junction 
between ET and NT point (Figure 44B). This signifies that ET was matured by 
tissue induced remodelling which made grafts stiffer and  further investigation of 
mechanical properties if ET was required. 
 
3.3.4 Mechanical properties of the graft (ET) 
 
 
Experimentally it was found that all repairs do not break at midsubstance 
(between ET) each time. In 3 and 12 weeks grafts were mechanically stronger 
and repair failed at junction point (in between ET and NT) which indicated that 
the mechanical property of ET was stronger.  
To evaluate this property mechanical test were carried out on the ET (n=3). 
Testing method described in detail in section 2.3.5 
Break strength of the graft at 0 hour (pre implantation) was 4.56 ±0.33 N [3.74, 
5.37, 95%CI] for AC and 4.58 ± 0.33 N [3.74, 5.37, 95%CI] for CC.  This break 
strength was reduced when grafts were implanted in vivo at the  end of 1 week 
(2.38 ± 0.44 N ) [1.28, 3.47, 95%CI] for AC and (2.09 ± 0.10 N) [1.84, 2.33 , 
95%CI] for CC] but at the 3 weeks the  mechanical properties were  significantly 
higher than 1 week  ( 11.41 ± 0.84 N [9.30, 13.52, 95%CI] to in AC and 
14.15±0.79 N  [12.18, 16.11, 95%CI] in CC and this trend continued  to  12 
weeks where calculated break strength was  maximum 43.93±1.65  [39.82, 
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48.04, 95%CI]in AC and 51.87± 3.29 [50.41, 53.32, 95%CI] for  CC) and ET was 
able to remodel and mature over a period of time ( Figure 47 ). 
 
 
Figure 47 showing break strength of the ET at 0 hour (pre implantation).  
This break strength was reduced when grafts were implanted in vivo at 
end of 1 week but at the 3 weeks it had gained mechanical properties 
significantly higher than 1 week and continued to increase by  12 weeks 
with statistical significance *denotes P < 0.05 (n=3). 
 
A calculated modulus of the AC (1.57± 0.27 MPa) [0.87, 2.66 , 95%CI] and CC 
(1.28±0.24 MPa) [0.67, 1.89, 95%CI] at time 0 was higher than at 1 week 0.31 ± 
0.02 MPa[0.24, 0.37 , 95%CI]  in AC and 0.16 ± 0.02 MPa[0.09, 0.22 , 95%CI]  
however modulus of ETs  were increased significantly by 3 weeks in both 
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groups (4.1± 0.36 MPa, AC[3.19, 5.00 , 95%CI]  and 4.33±0.42 MPa, [3.29, 5.28 
, 95%CI] CC) and similarly by 12 weeks there was significant increase in the 
modulus to 9.33± 0.54 MPa [7.99, 10.67 , 95%CI] in AC and 10.61±0.17 
MPa[10.18, 11.04 , 95%CI] in CC (P<0.05) ( Figure 48A). 
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Figure 48  showing calculated modulus of the AC and CC (at time 0 was 
higher than at 1 week] however modulus of these grafts were increased 
significantly by 3 weeks in both groups and similarly by 12 weeks there 
was significant increase in the modulus (A), stiffness of the graft at 1 week 
high and it was reduced at 3 weeks and 12 weeks (B) * denotes statistical 
significance of P<0.05. (n=3). 
 
Stiffness of the graft at 1 week was 55.69 ±8.32% [34.98, 76.35, 95%CI] for AC 
and 62.66± 8.08% [42.58, 82.74, 95%CI]  for CC at the time 0 it was  (33.66± 
4.72% [45.40, 2.66 , 95%CI] AC, 33.02± 1.73% [26.69, 35.30 , 95%CI]  for CC 
but strain% was reduced at 3 weeks (19.3± 4.35% [8.17, 29.82, 95%CI] AC and 
17.66± 2.08% [12.49, 22.83, 95%CI] in both AC and CC. In the CC, graft was 
stiffer by 12 weeks as calculated strain was (9.11±1.04% [6.50, 11.71, 95%CI]) 
than AC (12.55± 3.11% [4.80, 20.29, 95%CI] (Figure 48B) 
 
The mechanical properties of the ET and repaired tendon were increased 
significantly at each time point, although, at 1 week the graft was weaker as 
compared to time 0. But over a period of time, these mechanical properties were 
increased significantly in all groups. Modulus and stiffness of ET and PT tendon 
(ET incorporated) was also increased over time 1, 3 and 12 weeks. All these 
characteristics are seen more in CC group than AC therefore the conclusion is 
that it was beneficial to seed cells in the ET. 
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3.3.5 Host response to the ET (Inflammatory response) 
 
 
Inflammation is an onset of tendon repair and standard wound healing 
mechanism.  Infiltration of immune cells in to injured tendon releases 
chemotactic factors which recruits tendon fibroblasts to initiate collagen 
synthesis(Wang, 2006).    
An ET was fabricated from extra-xenogeneic source of collagen. In the past, 
these fabricated collagen grafts were tested in vivo with acellular and allogeneic 
cells and were reported to be immunocompatible. However, these grafts were 
tested at nursery site in between intercostal spaces and immune reaction was 
elicited by peripheral circulation (Mudera et al., 2007). Whereas in this study, 
inflammation was elicited by systemic circulation in which severe inflammatory 
reaction could result in a graft rejection.  
To study these inflammatory reactions, tissue section (3 µm) was stained for 
routine H and E. At each time point 1, 3 and 12 weeks and control slides were 
NT (n=50). A method for histopathological assessment was used described by 
Moshiri et al. (Moshiri et al., 2013b) In short, 50 images with histopathological 
fields were taken at 100X with oil immersed objective lens to count    total  
cellularity,( Lymphocytes, neutrophils, macrophages, plasma cells, and red 
blood cells) also   images were taken at 10X and 40X  for image analysis  
(Detailed method described in the  section 2.3.6). 
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Figure 49 showing histological section of the acellular grafts (AC) stained 
with H and E at the time 1 week rapid inflammatory reaction (A) (i) at 10 X 
and (ii) at 40 X, and reduced by end of 3 weeks (B) (i) at 10 X and (ii) at 40X 
this inflammatory reaction was reduced significantly (P<0.05) by 12 weeks 
(C) (i) at 10 X and (ii) at 40X, but there was only presence of tendon 
fibroblast was seen in native tendon NT (D) (i) at 10 X and (ii) at 40X. Scale 
bar for all images shown at bottom. (n=50). 
 
In the acellular group, within a week, there was an inflammatory reaction in the 
implanted ET grafts (Figure 49A). This resulted   in rapid migration of the 
lymphocytes inside ET at 1 week and total calculated lymphocytes were 43 ± 
7.48 [26.69, 35.30, 95%CI] , which were reduced to  36.75 ± 8.36 [26.69, 35.30 , 
95%CI]   by end of 3 weeks ( Figure 49B ). This inflammation reaction was 
significantly reduced to 20.50 ± 2.64 [26.69, 35.30, 95%CI] by 12 weeks (Figure 
49C). Besides lymphocytes there were other inflammatory cells that infiltrated in 
the ET at the end of 1 week. These were neutrophils (31± 10.80) [26.69, 35.30, 
95%CI]  , plasma cells (11.50± 3.40) [26.69, 35.30 , 95%CI]  and  macrophages 
(37.50± 5.80)  [26.69, 35.30 , 95%CI]. This count reduced by 3 weeks marginally 
as follows neutrophils (23± 4.96) [26.69, 35.30, 95%CI], plasma cells (6± 1.82) 
[26.69, 35.30, 95%CI] and macrophages (31.50± 7.43) [29.34,38.11 (95 %CI)]. 
Over time this inflammatory reaction was reduced significantly (P<0.05) as by 12 
weeks neutrophils (15± 5.19) [11.23, 21.32 , (95 %CI)], plasma cells (3.5± 1.91) 
[2.43, 4.5 , (95 %CI)] and macrophages (6.75± 2.21) [4.32, 9.01 , (95 %CI)]  
counts had reduced. In the ET there was no evidence that these cells were seen 
in the intact tendon (Figure 49D). 
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This suggests that host immune system showed standard immune response to 
the external biomaterial collagen and over period of time, as tendon repair 
mechanism progressed, the cell count was reduced ( Figure 50 ). 
(The calculated cell numbers are average of 10 histopathological fields.) 
 
Figure 50 showing cell count of inflammatory cells for acellular grafts, at 1 
week lymphocytes, neutrophils, plasma cells, macrophages and red blood 
cells were higher in number but this count was reduced by 3 weeks with 
significant reduction for lymphocytes and by 12 weeks there was 
significant reduction for all cell types as compared to 12 weeks* denotes 
statistical significance of P<0.05. (n=50). 
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In the CC major inflammatory cells were lymphocytes (188.5 ±13.23) [176.34, 
198.89, (95 %CI)] at 1 week. This count was marginally reduced to (163.5± 
10.72) [154.32, 176.21, (95 %CI)] at the end of 3 weeks however by 12 weeks 
there was significant reduction in the cell count (19 ±2.94) [16.43, 22.43, (95 
%CI)] (P<0.05) but in the NT this count was marginal. 
 
At the end of 1 week, total neutrophils (110.50 ±15.92) [98.32,125.56 , (95 
%CI)], plasma cells (17.1± 1.63) [16.32, 18.34, (95 %CI)] and macrophages 
(57.75 ±6.23) [51.32,65.23, (95 %CI)] were detected infiltrating into the ET 
tendon graft (Figure 51A). These cell counts were reduced marginally by 3 
weeks (Figure 51B). The calculated cells were neutrophils (95.75 ±7.63) [91.87, 
109.32, (95 %CI)], plasma cells (110.50 ±15.92) [92.34,123.56, (95 %CI)] and 
macrophages (35.1± 5.88) [29.45, 41.34, (95 %CI)]  but, by 12 weeks ( Figure 
51C )  inflammatory cell count were decreased significantly for neutrophils 
(11.50 ±3.14) [8.32, 14.23, (95 %CI)], plasma cells (2.5± 1.29) [1.67, 3.21, (95 
%CI)]and macrophages (7.25± 2.21) [5.98, 9.34, (95 %CI)] but there was no 
evidence that these cells were seen in the intact tendon ( Figure 51D). 
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Figure 51 showing histological section of the cellular grafts (CC) stained 
with H and E at the time 1 week rapid inflammatory reaction (A) (i) at 10 X 
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and (ii) at 40 X, and reduced by end of 3 weeks (B) (i) at 10 X and (ii) at 40X 
this inflammatory reaction was reduced significantly (P<0.05) by 12 weeks 
(C) (i) at 10 X and (ii) at 40X, but there was only presence of tendon 
fibroblast was seen in native tendon NT (D) (i) at 10 X and (ii) at 40X. Scale 
bar for all images shown at bottom. (n=50). 
 
Conjoint with these inflammatory cells, few RBCs were seen at 1 week 
(15.1±5.54) [10.20, 20.21, (95 %CI)] by 3 weeks  their  count was reduced to  6 
± 2.1  [4.23, 7.21, (95 %CI)] however, at end of  12 weeks,  total RBC count was  
(1.00 ±1.41) [-1.43, 1.21, (95 %CI)].In only one specimen out of 4 in which  
scattered  RBCs were seen and rest of  3 specimen they were absent] ( Figure 
52 ). 
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Figure 52  showing cell count of inflammatory cells for cellular grafts (CC), 
at 1 week lymphocytes, neutrophils, plasma cells, macrophages and red 
blood cells were higher in number but this count was reduced by 3 weeks 
with significant reduction for plasma and macrophages and by 12 weeks 
there was significant reduction for all cell types as compared to 12 weeks* 
denotes statistical significance of P<0.05. (n=50). 
These cell counts signify that at post implantation of the graft, there was rapid 
cross-reaction to the TE tendon graft and allogeneic cells by end of 1 week. This 
could be correlated to the gross observed section 3.3.2 where at 1 week graft 
was seen swollen from its normal size but this inflammatory reaction was 
reduced marginally end by 3 weeks (partial integration was seen of the graft in 
the gross) and significantly by 12 weeks (complete integration was seen in the 
gross). 
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3.3.6 Tendon fibroblast infiltration to the ET  
 
 
In a tendon, major cell population is of tendon fibroblasts (TF). Cell migration in 
tendon is regulated by the biochemical signals given by structural proteins, 
which are responsible for cell motility. In tendon repair, initial presence of high 
number of TF population at injury site speeds up repair by increasing collagen 
turn over as their by-product (Franco et al., 2008). 
To study this mechanism total number of TF was calculated at each time point   
(1, 3, 12 weeks) for AC and CC grafts. Totally, 10 images with in 
histopathological fields were taken at 200X with oil immersed objective lens. 
(Detailed method of TF calculation is described in section 2.3.6.1). 
The total calculated TFs at the end of the 1 week were 2.25 ± 0.95 [0.72, 3.77, 
95%CI] for immature TFs and 11.50 ± 4.2 [4.5, 18, 95%CI] mature fibroblasts.   
These cell counts were increased marginally by end of 3 weeks to 8.50 ± 2.64 
[4.30, 12.70, 95%CI] (P>0.05) for immature TFs and 40 ± 5.35 [31.40, 48.50, 
95%CI] (P>0.05) for mature TFs.  However by end of 12 weeks this cell count 
was increased significantly to 47 ± 10.89 [29.60, 64.30, 95%CI] (P<0.05) for 
immature TFs and 82.75± 6.8 [71.90, 93.50, 95%CI] (P<0.05) mature TFs in the 
given area (95% CI). In the positive control (native tendon) there was no 
immature TFs found but total mature TFs were 41.75± 6. 30. [31.50, 51.90, 
95%CI]. These results showed that TFs could infiltrate inside the graft by end of 
1 week and continue to proliferated by 12 weeks, which were more in  number 
than native tendon ( Figure 53A ). 
. 
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Figure 53  showing tendon fibroblast count for acellular grafts AC (A) and 
cellular grafts CC (B) for mature and immature fibroblasts.  At 1 week, 
these cell counts were increased marginally by end of 3 weeks for 
immature fibroblasts and significant for mature fibroblasts but both AC 
and CC TF population was and  by 12 weeks it was reduced as compared 
to 1 weeks, * denotes statistical significance of P< 0.05. (n=50). 
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In the CC (Figure 53B), TFs were higher in number due to seeded fibroblast. In 
this group, calculated immature fibroblasts were 59 ± 13.97 [36.70, 81.20, 
95%CI] (P>0.05) and 62.50 ± 13.32  [40.50, 84.50, 95%CI] (P>0.05) for 1 and 3 
weeks respectively but, this cell count remained almost constant by end of 12 
weeks to 66± 9.55 [50.80, 81.20, 95%CI] (P>0.05). Interestingly, this count was 
not constant in case of mature TFs as calculated mature TFs for 1 week was 
239.50±20.72 [206.50 , 272.50, 95%CI]  but, this count was reduced statistically 
significant  to 172.75± 11.87 [153.80, 191.60, 95%CI] (P<0.05) by 3 weeks and 
further reduction in the cell count was calculated as 83.5±8.38. [70.15, 96.80, 
95%CI] (P<0.05) by 12 weeks which was statistically significant. Although this 
count low but as compared native tendon mature TFs were 41.75± 6. 30.[31.50, 
51.90, 95%CI] still high in number.  
A result shows that in both AC and CC, TF population was present by 12 weeks, 
which was reduced as compared to 1 week. The presence of TFs population in 
the ET was critically important for the maturation TF as they had played vital role 
in deposition, assembly, disassembly and reorganisation of the collagen (Kole et 
al., 2005). Detailed collagen deposition analysis and organisation is studied in 
section 3.3.6. 
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3.3.7 NT and ET integration at fascicle level 
 
 . 
The tendon fascicles are responsible for the stress relaxation mechanism and 
individually these fascicles dwelled in flow dependent mechanism characterised 
by the biphasic theory which hold key for its biomechanics (Reese and Weiss, 
2013, Legerlotz et al., 2013). Therefore, non-assembly and non-integration of 
ET to the NT at fascicle level would result in a mechanically weaker tendon 
repair. 
To evaluate integration of ET to NT at fascicle level a tissue section of 3 µm was 
prepared for scanning electron microscope. Tissue slides were fixed in 3% 
glutaraldehyde in 0.1% Caocodylate buffer for 10 minutes and dried over cover 
slip for 15 hours. All images were obtained using a secondary electron detector 
in a Philips XL 30 Field Emission SEM, operated at 5 kV and average working 
distance was of ±10 mm. All SEM images were obtained at the end of  1, 3 and 
12 weeks.  
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Figure 54 showing SEM images for acellular grafts (AC) at 250X for native 
tendon ( NT) (A) , with damage tendon ends at junction  between 
engineered tendon (ET) and native tendon (NT) post-surgery at 1 week (B). 
At the end of 3 weeks this puckering was not seen at JT site (C) and by 12 
weeks complete integrated ET to NT was seen (D). Scale bar for all images 
shown at bottom. 
 
At end of 1 week in the AC (Figure 54B) and CC (Figure 54B) the internal 
architecture of the NT and ET was disturbed as compared to control (Figure 54B 
and 55B).  This was due to post-surgical effect. The fascicle orientation of the 
NT at the proximal and distal end was irregular and in the ET at the junction 
point grafts was polymerised.  This puckering effect was due to suturing of the 
mechanically weaker collagen grafts to the mechanically strong NT.  At the end 
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of 3 weeks this puckering was not seen in both AC (Figure 54C)   and CC 
(Figure 55C) as ET was initiated to integrate in to NT. 
 
 
Figure 55 showing SEM images for cellular grafts  (CC) at 250X for native 
tendon (NT) (A) , with damage tendon ends at junction  between 
engineered tendon (ET) and native tendon (NT) post-surgery at 1 week (B). 
At the end of 3 weeks this puckering was not seen at JT site (C) and by 12 
weeks complete integrated ET to NT was seen (D) . Scale bar for all images 
shown at bottom. 
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By 12 weeks both AC ( Figure 54D)and CC ( Figure 55D) showed complete 
integration to the NT but in case of AC there was an integrated margin visible 
but in CC it was completely integrated, hence, the margin was invisible . 
All SEM images at 250X show that by 12 weeks in AC and CC, ET was able to 
integrate into NT but in case of CC, integration was denser. This denser 
integration without any gapping indicates that ET was able to withstand force 
exerted by the NT and was able to match material properties (strain and 
modulus, described in the section 3.3.4) to the NT   as compared to 3 weeks 
and 1 week integration. 
 
 
3.3.8 Fibril integration between ET and NT 
 
 
Tendon fibrils reflect its biochemical properties and collagen alignment and fibril 
diameter are crucial factors for the tendon in gaining its mechanical properties 
therefore tendon fibrils are the most intensively studied structures to understand 
this mechanism (Franchi et al., 2010). In this section 3.3.7 integration was 
analysed at fascicle level but further investigation was required at fibril level to 
understand this mechanism in detail. 
 Fibril integration in between ET and NT was studied to understand its 
interaction, repair and maturation mechanics at the fibril scale. To investigate 
fibril mechanisms tissue samples of  1,3 and 12 weeks were prepared with 
histological section of 3 µm for AFM analysis. A Park systems XE-100 AFM was 
used in contact mode in conjunction with Bruker Antimony (n) doped Silicon 
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(001-0.025 Ohm.cm) contact tips. The spring grafts of the cantilever used was 
0.01 N/m.  (Detailed method described in the section 2.3.8) Topological 
difference was measured by taking the difference between the height of the 
native tendon plane and the height of the engineered tendon plane. 
 In this section, analysis was done into two parts. In the section 3.7.1.1 analysis 
performed for with cellular grafts (CC) and in the section 3.7.1.2, was performed 
with acellular grafts (AC).  
 
3.3.8.1  Fibril integration within cellular grafts (CC) 
 
 
The native tendon (NT) displayed the expected presence of highly aligned 
mature collagen fibrils, characterised by their banding periodicity and uniform 
diameter (Figure 56A). Tendon sutured with the cellular engineered scaffold 
exhibited a distinct difference between native and engineered regions of tendon 
1 week after implantation (Figure 56B). The engineered tendon (ET) did not 
show the presence of mature fibrils, showing abundance of regions with no 
fibrillar structure. The native tendon (NT) fibrils found close to the junction point 
with ET showed well defined morphology associated with mature fibrils and were 
consistent with earlier observed NT fibrils and were also highly oriented. 
The native and engineered regions did not show any surface integration, with a 
clear boundary between the two regions at the junction point. The mean 
topological difference across the junction point was measured to be 168±65 nm 
[121.45, 210.75 (95% CI)] (n=10).  
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Figure 56 Showing AFM images for cellular group (CC) and native tendon 
(NT) displayed the expected presence of highly aligned mature collagen 
fibrils, characterised by their banding periodicity and uniform diameter (A) 
in 1 week. The engineered tendon (ET) did not show the presence of 
mature fibrils, showing abundance of regions with no fibrillar structure 
found at JT (B), At the JT, fibrils are more structured and there are regions 
where small diameter mature fibrils could be observed with some 
integration between native and engineered regions with NT fibrils 
overlapping and integrating with engineered tendon fibrils (C) After 12 
weeks there was a significant change in the morphology of the ET fibrils at 
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the junction point where NT fibrils were found to be well integrated to the 
ET regions at the junction point (D). Scale bar for all images shown at  
bottom. 
 
After 3 weeks (Figure 55C), the formation of fibrillar structure at ET could be 
observed to be taking place, although the fibrils are mostly immature and 
interspaced by non fibrillar regions. NT fibrils are observed to be fully mature 
and highly oriented.  At the junction point, fibrils are more structured and there 
are regions where small diameter mature fibrils can be observed (Figure 56C) , 
showing an intermediary stage of fibril maturity between ET and NT. There is 
some integration between native and engineered regions with NT fibrils 
overlapping and integrating with engineered tendon fibrils . The mean topology 
difference across the junction point was 177±49 nm [132.01, 241.13 (95% CI)] 
(n=10).   
After 12 weeks (Figure 56D) there was a significant change in the morphology of 
the ET fibrils at the junction point. The ET fibrils were observed to be mature and 
are similar in morphology to the NT fibrils (Figure 56A). The NT fibrils were 
found to be well integrated to the ET regions at the junction point and the 
average difference in topology across the junction point was significantly 
reduced at 75±48 nm [42.12, 143.19 (95% CI)] (n=10).  
The NT fibrils close to the junction point displayed reduced diameters compared 
to NT fibrils from earlier time points (this has been concluded by visual 
assessment and not measured). 
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3.3.8.2 Fibril integration within Acellular grafts (AC) 
 
 
At the junction point, tendon sutured with an acellular scaffold showed a 
distinctly different pathway of scaffold integration compared to the cellular 
scaffold. The native tendon displayed similar characteristics as described 
previously, showing homogenous mature fibril morphology (Figure 57A). 
At 1 week, the ET fibrils can be observed to be immature with small diameter 
(Figure 57B) interspaced by non fibrillar regions (although not as common as in 
the cellular graft ). At the junction point, there is a lack of integration between ET 
and NT with a distinct boundary. However fibrils at the junction point were seen 
to have more defined structure than ET fibrils, although they remained 
immature. The mean topology difference across the junction point was 
measured to be 496±182 nm [378.21, 601.54 (95% CI)] (n=10) (Figure 57A). 
After 3 weeks (Figure 57C) there is an observable reduction in diameter of NT 
fibrils close to the junction point (similar to 12 weeks cellular).  
The improvement in morphology of ET fibrils was observed to have accelerated 
further with ET fibrillar structure observed without non fibrillar components. The 
ET fibrils were however highly disordered and not fully mature with no banding 
periodicity. There was some integration observed between ET and NT across 
the junction point. The mean topological difference across the junction point was 
measured to be 468±109 nm [373.89, 569.99 (95% CI)] (n=10) (Figure 57A). 
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Figure 57 Showing AFM images for acellular group (AC) The native tendon 
displayed similar characteristics as described previously, showing 
homogenous mature fibril morphology (A), At 1 weeks the ET fibrils can be 
observed be immature with small diameter At the junction point, there is a 
lack of integration between ET and NT with a distinct boundary (B) After 3 
weeks there is an observable reduction in diameter of NT fibrils close to 
the junction point and in the ET fibrils were however highly disordered and 
not fully mature with no banding periodicity (C) after 12 weeks bundles of 
NT fibrils were observed to have decreased in diameter and remain highly 
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oriented (D). Scale bar on the left corner. Scale bar for all images shown at  
bottom. 
After 12  (Figure 57D) weeks there was extensive remodelling of the ET fibrils 
resulting in mature fibril formation however there remained non fibrillar regions . 
Bundles of NT fibrils were observed to have decreased in diameter and remain 
highly oriented (Fig. 7A). At the junction point NT and ET fibrils were integrated 
with ET fibrils aligning parallel to NT fibrils. The mean topological difference 
across the junction point was measured to be 251±56 nm [186.78, 312.11 (95% 
CI)] (n=10) (Figure 58). 
 
Figure 58 Showing topological differences between NT and ET  for the AC 
and CC group at 1, 3 and 12 weeks at the JT (junction of the tendon ) * 
indicates statistical significance of P< 0.05  
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The topological difference across junction point  decreases over time for both 
acellular and cellular grafts , showing integration of ET and NT.  The topological 
difference across junction point for cellular scaffold is far smaller than for 
acellular scaffold for all time points (including initial 1 week) (Figure 58 ).  The 
topological difference across junction point was reduced over time for both 
cellular and acellular scaffolds reflecting increased integration of ET and NT 
over time.  
  
3.3.9 Quantitative assessment of collagen in the ET   
 
 
To establish a relationship between collagen remodelling, degradation and neo-
collagen synthesis, polarised light microscopy was used, mainly to distinguish 
between anisotropic and isotropic nature of the ET tendon. When light passes 
through the polariser, it vibrates and by placing birefringent object on its path it 
vibrated more rapidly. The resultant vibration after analyser appeared to be 
bright on the dark background (Chayen, 1983, Canham et al., 1989, Gustafson, 
1967, Veerapen and Ling, 1987). With this principle it was clear to distinguish 
between NT, ET and its maturation over period of time. 
The longitudinal sections of tissue at the core were stained with picro-sirius stain 
at the by the end of 1, 3 and 12 weeks to intensify natural birefringence of the 
collagen. The gradient of the birefringence could be distinguished between NT 
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and ET.  At 1 week it was evident that birefringence of the ET was lesser to the 
NT in both AC and CC cases (n=5). (Figure 59 A and B).  
Over the time these gradients were seen to improve from time 3 weeks (Figure 5 
C and D ) to 12 weeks  (Figure 59 E and F)  in both AC and CC . It is a well-
established regime that when picro-sirius stained collagen fibrils, viewed under 
polarised microscopy as collagen fibres, get thicker by tissue based remodelling 
over period of time in vivo, then colour of fibres change from  green to yellow to 
orange to red which is a property of collagen maturation  (Whittaker, 2005, 
Junqueira et al., 1982, Hiss et al., 1988). 
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Figure 59 showing birefringence colour intensity under polarised 
microscope indicates that over a period of time, collagen was getting 
mature with increase in birefringence from green to yellow to orange to 
red over time 1, 3 and 12 weeks. In the acellular grafts (AC) at 1 week more 
green (A) birefringence was seen as compared to CC (B), In 3 weeks 
birefringence was increased for AC and CC (C and D) but by 12 weeks 
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birefringence was more red and orange for CC  (F)and AC (E). Scale bar for 
all images shown at right bottom of image (F). (n=5). 
 
The birefringence colour intensity percentage calculated for each time point  in 
AC intensity decreased for green  (75±12 %,60± 44%,19±7 %)   and increased 
for  yellow (11±0.34 %,15± 2.1%,43±10 % ) ,orange (9±0.4 %,16± 4%,36±11 %) 
and red  (3±0.2 %,13 ±2% ,40 ±17  %) for 1,3 and 12 weeks. Similarly  for CC 
the green percentages were  (69±21 %,40 ± 10 %,3±0.9 %), yellow (16±3 %,32 
± 18 %,12±7 %), orange (12±8 %,30± 13 %,43±15%) and red (9±2.1 %,26 ± 
11.5 %,67±22 %) which indicates that over a period of time, collagen was 
getting mature with an increase in birefringence from yellow to red. However, 
there was no evidence found for green percentages in a NT as there was no 
immature collagen seen. Conversely, yellow (2 ±0.1 %), orange (21 ±2.13 %) 
and red  (79±13.2 %),  were found in the mature and remodelling state (Figure 
60). 
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Figure 60 showing percentages of the collagen for the ET. At 1 week 
collagen percentages were high for green fibres for AC and CC but by 3 
week green percentages were reduced and yellow, red were increased for 
AC and CC, by 12 weeks red percentages for CC were higher than AC. 
(n=5). 
 
Furthermore, gradient was quantified by hues associated with the birefringence 
at each time point (Whittaker, 2005) and percentages were calculated by  
dividing total  pixel area of the ET. The percentage collagen content in the ET at 
the time of 1 week was 26.2± 5.44% for AC and 35.4 ± 3.84 % for  CC  but this 
percentages were increased significantly by 3 weeks (58.8±4.32% for AC and 
75.8± 5.11 for CC p< 0.05) and 12 weeks (83.2±4.56 % for AC and  
92.8±3.03%) (Figure 61).  
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Figure 61 collagen percentages at the core for ET at the time of 1 week 
was low but these percentages were increased significantly by 3 weeks 
and 12 weeks indicating ET was more matured in the 12 weeks than 1 and 
3 weeks * denotes statistical significance of P< 0.05. (n=5). 
 
Increase in the collagen content was a manifestation of ET maturation and this 
was a chronic response to the mechanical loading of ET (by 10% strain which 
was previously described in a section 3.1.9). Increasing in the gradient of hues 
associated with the birefringence at each time point (1,3 and 12 weeks) 
indicated that collagen remodelling and graft maturation at 12 weeks was higher 
than 3 and 1 week. 
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Original null hypothesis (H0):-in-vivo implantation of ET (cell seeded with 
tendon fibroblasts and acellular) as a tendon graft in a lapine model will 
mechanically integrate and regain its function by ECM remodelling by 12 weeks. 
At the end of testing period (1, 3 and 12 weeks) ET showed bridged integration 
of the graft without any adhesion formation with significant increase in the 
mechanical properties [35.02 ± 2.1 N (p< 0.05) for 12 weeks and 3 weeks as 
compared to 1 week. Histological analysis showed that tendon fibroblasts from 
the native tendon were able to migrate into the graft with higher collagen 
remodelling and graft maturation at 12 weeks. 
 Insertion of tissue engineered collagen graft using a novel load bearing suture 
technique which partially loads the grafts in vivo showed integration, greater 
mechanical strength and no adhesion formation in the time period tested with 
sufficient evidence reaching statistical significance of P< 0.05. 
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4 Discussion  
 
4.1 Development of suture technique  
 
 
Tendon rupture is a common phenomenon worldwide. Surgeons have been 
using tendon grafts since 17th century (Badhe et al., 2008). Many methods and 
strategies have been developed to repair tendon but it still remains a challenge. 
 In this study tissue engineered type I collagen grafts  were chosen as a tendon 
graft because collagen is a natural polymer and used as a biomaterial for 
various tissue engineering applications (Hadjipanayi et al., 2011, Micol et al., 
2011). Also, tendon collagen constitutes 60% of the dry mass of tendon, out of 
which 95% is type I collagen (Lian Cen 2008, Harris et al., 2004, Butler et al., 
2010, Cen et al., 2008, Evans and Barbenel, 1975). Hence collagen exhibits all 
characteristics of an ideal biomaterial for tendon tissue engineering described by 
Liu et al  (Liu et al., 2008).  
 
For a successful tendon graft engraftment to occur, mechanical properties of the 
graft should match the native tendon, (Yamaguchi et al., 2012) however, 
mechanical properties of engineered tendon (ET) (4.41 ± 0.8N) was 59 times 
inferior to native tendon (NT) (261.08± 15.57). It is proposed that this was due to 
difference in the collagen fibril arrangement in the ET and NT as in the tendon, 
fibril arrangement and its diameter constitutes its mechanical property (Silver et 
al., 2003).  
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The mechanical property of the biological tissue entirely depends upon its 
composition and nanostructure. Therefore a microscopic technique, AFM, was 
used to analyse nanostructure of collagen at fibril level and also it aids in 
understanding why ET was weaker to NT. In the NT, alignment (179.76°) and 
thicker fibrils (269.23± 19 nm) were key factors for its mechanics. This is due to 
a multistep process of collagen fibrillogenesis, remodelling and maturation along 
with constant D -periodic banding pattern of 45nm, which has been proposed to 
act  as shock absorbers during locomotion in vivo (Herchenhan et al., 2012).  
However, ET was fabricated within 20 minutes and fibrillogenesis had occurred 
due to static weight applied on the collagen hydrogel during the compression 
process (Sawadkar et al., 2013). This rapid fabrication of ET formed random 
(angle range was between 10~176º), immature (diameter 65.17± 29.49 nm) and 
mechanically weaker collagen fibrils as compared to NT in which self-assembly, 
parallel angular alignment and compaction of collagen fibrils with higher 
diameters were key factors for higher mechanical strength  (Franchi et al., 
2007). To increase mechanical properties of the mechanically weaker collagen, 
many methods have been used such as physical cross-linking under vacuum, 
UV radiation and dehydrothermal treatments. Also, chemical cross-linking with 
riboflavin, enzymatic and non-enzymatic methods (Tanzer, 1973, Reiser et al., 
1992) increased collagen density and Young’s modulus of the collagen in vitro. 
However, by adding these cross-linking agents, biocompatibility of the collagen 
was compromised. Studies have shown almost 33% alteration in mechanical 
properties and 60% cell viability (Kanungo and Gibson, 2010, Weadock et al., 
1995, Reiser et al., 1992). 
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Therefore, in this study, another strategy was adopted to modify current suture 
technique. This was used because post tendon repair, mechanical strength of 
repaired tendon graft is entirely dependent on the suture technique and material, 
but not on the tendon/tendon graft (Ketchum, 1985, Lawrence and Davis, 2005). 
Hence by changing a suture technique which could off load ET until cell and 
ECM induced remodelling occurs was an ideal approach. 
 
To date there are various suture techniques available to repair tendon, none of 
which is a gold standard, however, modified Kessler suture technique is widely 
used to repair tendons because it is less obstructive and damaging to tendons 
(Schneppendahl et al., 2012, Herbort et al., 2008). Flexor digitorum profundus 
muscle tendons of lambs, when sutured with six-stand Savage technique, the 
reported break strength was 51.3±6.1N but when modified Kessler suture 
technique was used break strength increased to 69.0±8.7N (Piskin et al., 2007). 
However, in this study, when tendon gap of 1.5cm was filled with ET and 
repaired with Modified Kessler suture technique (Figure7), the repair failed at an 
early stage and calculated break strength (12.49 ± 1.62N) was decreased 
significantly, making it clinically irrelevant. Similar findings have been reported 
by De Wit et al in porcine flexor repair tendon model that Kessler repair failed at 
suture rupture by reducing gapping by 15% as compared to cruciate repair 
where gapping reduced by 87% and repaired failed at suture pull-out (De Wit et 
al,.2013). 
Thus, there was a need for another strong suture technique, which could hold 
mechanically weaker ET in place.  
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A novel modified suture technique was developed by using four core sutures 
passing through the core of one native tendon end, over the entire length of the 
ET and into the core of the opposite tendon (Figure7). These core sutures were 
interlocked onto the suture material itself at some distance away from each 
tendon end. This is mainly because it has been reported that putting suture 
knots at equal distance and equal load sharing tension on all suture strands 
increases its mechanical properties (Trail et al., 1992). 
 
In this study, prolene 3-0 sutures were used for outer interlocked sutures 
considering that rabbit PT tendon has length of PTT (62.4 ± 2.5 mm), width (5 ± 
1.3 mm) and thickness (1.5 ± 0.85 mm). Prolene 6-0 sutures were used to hold 
the ET in a place although we had the choice to use strong sutures like stainless 
steel sutures. This was because they have disadvantages in that they produce 
bulky knots (Ketchum, 1985). The use of absorbable sutures would not be 
appropriate as they become weaker over period in vivo (Amis, 1996). Hence use 
of prolene suture was ideal as it is fabricated from isotactic crystalline 
stereoisomer of polypropylene, which is a synthetic linear polyolefin. These 
sutures are monofilament, non-absorbable (Miller, 1973 , Kronenthal, 1979) and 
they do not cause structural or tensional modifications under load (Faggioni and 
de Courten, 1992). 
 
The primary reason for using four strand repair was to avoid damage to ruptured 
tendon ends excessively with more numbers of suture strands as it has been 
reported that a normal surgical suture in a tendon results in the formation of an 
acellular region around it. It has been hypothesised that this is due to cells 
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migrating out owing to the compressive load that is put on the tendon. Normally 
these cells are subject to tensile loading. This migration of cells away from the 
suture could then cause weakening of the matrix as there is a paucity of cells to 
maintain and turnover the matrix which could cause early tendon failure (Wong 
et al., 2010). Mechanical properties of the repair has been reported to be 
increased by using 6 strand sutures, which are twice as biomechanically 
stronger (in situ) than 4-strand (Savage, 1985, Savage and Risitano, 1989, 
Moriya et al., 2014, Okubo et al., 2015). Also, 8- strand repairs have been 
reported that are 43% stronger than other strands in cadaver and in situ models 
but these repairs are not widely practised and their clinical limitations are 
currently being evaluated. (Uslu et al., 2014, Osei et al., 2013 
, Dovan et al., 2003, Silva et al., 1998).   
 
Suture knots were placed externally as there is still lack of evidence about 
putting the suture knots internally or externally. Applying suture knots externally 
increases gliding resistance (Angeles et al., 2002), which could  be seen in the 
Tajima repair. In study, the areas where suture knots are placed inside 
illustrated a decrease in gliding resistance than Kessler repair which has suture 
knots outside (Noguchi et al., 1993). Studies conducted in the canine model 
concluded that fewer suture knots located outside the repair and away from the 
tendon ends had survived rather than those located inside at higher magnitude 
of force. (Aoki et al., 1995, Pruitt et al., 1996). 
 
To secure  ET  in between  tendon gap, a standard of running sutures 
(Strickland, 1995a)  along the edge of the tendon and ET was performed,  as 
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there was a need for peripheral sutures which should be strong enough to hold 
ET in a place in the initial phase of healing until cell and ECM  induced 
remodelling could occur. The major problem was the variation in the mechanical 
properties of the native tendon and ET, which could result in early gap 
formation, although ET was stress shielded. On the other hand, applying a more 
secure technique such as horizontal mattress intrafiber sutures (Mashadi and 
Amis, 1992), Halsted continuous horizontal mattress sutures (Wade et al., 1986, 
Wade et al., 1989), cross stitch epitendinous repair techniques (Silfverskiold and 
May, 1993, Silfverskiold et al., 1992, Silfverskiold and May, 1994, Pennington, 
1977) or running lock sutures (Lin et al., 1988, Papandrea et al., 1995)  would 
have ruptured ET as it was fragile. Thus we chose running sutures as a 
peripheral suture technique which held the ET intact in all directions. 
The break strength of native tendon was measured (261.08 ± 15.57 N) to 
provide evidence that the repairs used in this study were stronger than 
conventional methods and proximate towards break strength of native tendon. 
The break strength of the tendon with the MK repair (12.49 ± 1.62N) was less 
because when both the ends of tendon were pulled together and sutured, it led 
to tension in the sutured region and repair failed at a low force, which has also 
been previously reported  (Maquirriain, 2011). Interestingly, the modified suture 
technique for TG (41.4 ± 5.87N) and ET (50.62 ± 8.17N) was different, although 
the methodology and person suturing was the same. This might be due to the 
suture bite depth or individual variation in the suture techniques which was 
previously proposed by the Tan et al., (Tan et al., 2003). 
 
189 
 
 By applying tenorrhaphy suture techniques, strain on repaired tendon was 
increased from 13.92 % for NT to 19.40%, 26.42%, and 28.40% for MK, TG and 
ET repair respectively. Although increased strain was not statistically significant, 
the strain was increased due to straining of the individual suture strand after it 
has reached maximum tensile load (Benum, 1984). Similar results were found 
when infraspinatus tendon were repaired with Krakow stitch, the strain limit on 
intact and repaired tendon was exceeded (Andarawis-Puri et al., 2011). 
The major objective in this study was to establish the feasibility of the developed 
suture technique within available anatomical spaces. Furthermore, ex vivo 
studies show a 20% greater tendon strain to failure, whereas in vivo the tendon 
can take a strain only up to 8%-10%. (Wang, 2006). In pull out test it was 
observed that for MK, all repairs broke at suture point but for modified suture 
technique, the tendon avulsed from muscle end, which signifies that developed 
suture technique was stronger compared to musculotendinous junction. The 
break strength of repairs was lower as compared to the ex vivo results 
(Section3.3.4) because these repairs were already loaded due to space 
constraint and anatomical structure (Hepp et al., 2009). A key finding in this 
study was that it does not affect the break strength of the repairs when repaired 
with TG or ET  (Figure 7) as sutures broke at same force.(For  TG break 
strength was 23N and ET it was 24.60N). 
 
The strain percentages in situ were decreased as compared to the ex vivo data ( 
section 3.1.3) from which we can conclude  that in situ resistance to deformation 
of the repaired tendon was higher to the applied stress. This has also been 
reported by Gelberman et al (Gelberman et al., 1986)  and calculated strain  
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percentages  (TG = 6.51%, ET =7.50%) were within biological limits.  Average 
strain limit in vivo before macroscopic failure is < 8-10% (Wang, 2006) but using 
latest technology it has been reported that strain limit of avian flexor tendons can 
go up to 14% (Devkota and Weinhold, 2003). In human, by using ultrasound, 
axial-strain sonoelastography (ASE), B-mode ultrasound and colour Doppler 
techniques it has been reported that strain level on tendon can go up to 25mm  
in vivo before tendinopathy  or tendon rupture could occur (Ooi et al., 2015). 
In this it was found that sutures were taking load but it was prerequisite to 
understand how much loading force they can withstand and what forces are 
passing through ET. It was not physically or experimentally possible to directly 
measure the force passing through either the ET or at the suture points. So, a 
finite element analysis (FEA) computational model was constructed to predict 
these forces and their behaviour. In this model, fresh tendons were used as 
frozen tendon alters mechanical integrity (Clavert et al., 2001). The mechanical 
force passing through ET using the developed modified technique was 20 times 
lower than the Kessler repair whereas interlocking suture points were able to 
load twice as compared to Kessler repairs. 
A key finding by this model was ET was not 100% stress shielded. There was 
10% strain passing through it which can be correlated to the hypothesis 
proposed by Wang ,2006 that in vivo tendon can take up to 10% before 
macroscopic rupture (Wang, 2006). 
This model can be correlated to the FEA Kessler suture model described by 
Rawson et al.,  on ex vivo tensile testing of porcine flexor digitorum profundus 
tendon but authors did not report break strength of the repair or tendon under 
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load (Rawson et al., 2013). However, advantage of our FEA model was we 
could predict break strength in vivo with strain percentages on the sutures and 
ET. 
 
 
4.2 Mechanobiology of the ET under static and 
cyclic load 
  
Fibroblast mediated matrix tension has been studied in a wound model to 
support clinical significance of cell repair mechanism (Eastwood et al., 1994b, , 
Brown et al., 1998) but TF mediated matrix tension is still a perplexing topic.  In 
the tendon endemic matrix, tension is regulated by various exogenous factors 
such as external mechanical loading and tensioning. The CFM and t-CFM has 
provided an in vitro tissue model to understand this mechanism (Eastwood et 
al., 1994a). 
The CFM, being a sensitive method, is an excellent platform to measure 
accurate force generated by the TF in the initial cellular contraction in tethered 
tFPCL. As per our knowledge, this is the first time TF contraction has been 
reported accurately up to N×10-5 in a static load. 
The contraction produced by the CFM was correlated to the model previously 
described by Kolodney, Wysolmerski and Eastwood et al., in fibroblasts and 
endothelial cells respectively ( Kolodney and Wysolmerski, 1992, Eastwood et 
al., 1994b). There was minor contraction in cell free collagen gel due to fibril 
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maturation and binding (Figure 29), which was previously reported by Wood and 
Keech (Wood and Keech, 1960). 
In this study, TF profile under static load was divided into three phases (Figure 
31), which represents framework of cell behaviour within 24 hours. In phase one 
( < 4 hours) showed rapid force generation  ( 81.8 N×10-5) due to cell attachment 
and cell elongation, which has been reported to correlate to cell migration 
process in wound healing  in vivo (Escamez et al., 2004 1981). In phase one, 
cell attachment and elongation mechanism support the hypothesis proposed by 
Harris et al., about fibroblast traction mechanism responsible for morphogenetic 
rearrangement of extracellular matrices identical to tendons and organ capsules 
(Harris et al., 1981). 
It should be noted that different passage number of  TF produces different 
contraction pattern  in the  phase 1 (Figure 30)  such as TF are more contractile 
in P1 where there was a rapid response by residing TF in early hours, reaching  
highest  maximum force ( 87.1 N×10-5 from 0  N×10-5 ) in four hours. At P1 there 
was marginal decrease in the force (70.1 N×10-5) and TF continued to generate 
lower contraction forces under P3 (48.2N×10-5) and P6 (26.6N×10-5). The 
contraction difference is an evidence of TF heterogeneity under different 
passage number. This supports findings reported by Torry et al., in pulmonary 
fibroblasts that adult cells are less contractile due to anchorage dependent 
mechanism than the neonatal cells (Torry et al., 1994). 
 In the contraction profile, second phase (4 to 20 hours), under static force 
reported as a plateau phase (Figure 31), which represents that steady state 
contraction (81.8 N×10-5 to 87.1 N×10-5) could be related to the contraction of 
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the wounds in vivo under influence of cell migration and synthesis of neo-
collagen.  This mechanism depends upon myosin ATPase activation and actin-
myosin contraction (Levinson et al., 2004).  In the third phase of tFPCL (20 to 24 
hours), static contraction decreased at end of 24 hours with structural changes 
of TF (Figure 31). This is possibly due to release of matrix metalloproteinase 
(MMP) by TF necessary for cell migration by disturbing surrounding extracellular 
matrix niche through collagen digestion as reported by Lambert at al. (Lambert 
at et., 1992). 
The t-CFM is a mechatronic device which has facilitated study of TF 
mechanobiology in residing collagen matrix quantitatively and it is a highly 
sensitive method as force transducers are able to measure contraction up to 
N×10-5. The mechanical loading caused cell free collagen lattices to stretch 
under applied load (438 N×10-5). However, in cell free collagen lattice  (Figure 
32) there was no residual displacement in 15 minutes during rest time between 
each loading and unloading. During resting period, displacement was linear with 
difference of 10.1±1.8 N×10-5  in loading which shows there was no viscoelastic 
effect of collagen as described by Delvoye et al., in skin fibroblast (Delvoye et 
al., 1991). Collagen lattice tension was able to return to original tension after 
unloading, which indicated that there was no permanent plastic deformation 
seen. Hence we can conclude that TF mediated matrix tension reported under 
loading and unloading in section 3.2.4 was entirely cell mediated and we have 
established a method to calculate TF response under mechanical loading. 
Strain on the TF initiates cellular contractions which are essential for tendon 
healing. These contractions exert force on ECM (Grinnell, 1994) and  activates 
various cellular and molecular responses. If these contractions are high then it 
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results in scar formation. In contrast, a weaker contraction results in impaired 
tendon healing (Wang, 2006). Therefore, optimal strain is essential for tendon 
healing.  
 In this study, when 10% external strain was applied (section 3.2.2 ), there was 
an exponential increase in the force  ( 445.23± 2.34 Nx10-5 )  (Figure 33) and 
when  external load was invariant at resting time, then residing TF in tFPCL 
dropped endogenous force and exerted force in the opposite direction (425.1 ± 
11.18 Nx10-5 ). This phenomenon is called tensional homeostasis. Brown et al., 
and Eastwood et al., described a mechanism of tensional homeostasis in dermal 
fibroblast, where the  net resultant force was equilibrated due to actin myosin 
motor filaments, cytoskeletal elements and microtubules, which in turn helps in 
maintaining cellular polarity (Eastwood et al., 1994a, Brown et al., 1998a). As 
per the findings in this study, TF also undergoes the same mechanism to 
maintain tensional homeostasis and supplementary to that, TF generates rapid 
endogenous force to attend homeostasis in early hours of cyclic load as 
compared to later hours. This is accompanied with change in the force of 18.2 ± 
1.19 Nx10-5 in 1st hour and 3.1 ± 0.87 Nx10-5 at 16th hour (Figure 34). In 
contrast, when effect of loading and unloading in fibroblast populated collagen 
lattice was measured by Delvoye et al., it was reported that there was no 
change in the force at end of 1st hour and lattice returned to its original value, 
which is an indication of viscoelastic material property (Delvoye et al., 1991). 
However, as per our finding in this study, collagen did not exhibit viscoelasticity 
and TF responded to external mechanical stimulation.    
On loading, we have reported (section 3.2.4) that the cell’s nucleus was 
deformed, along with cell membrane. The ratio of the change in the area 
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nucleus and cytoplasm was significant for cyclic (36.36 ± 14.47%) compared to 
static (80.49 ± 11.05%) demonstrating cell response to mechanical load. Kopp 
et al., characterised role of mechanoreceptors on the  Schwann cells (Kopp, 
1997 )as identical to that of  TF, which also have the same receptors that 
activate various signalling pathways such as G protein, MAPK’s, cAMP 
pathways and Ca2+  influx on loading (Liu et al., 1994). This results in the 
upregulation of transcriptional factors for the genes which are responsible for 
matrix remodelling and repair. In this study, Collagen I [RQ 4.45] (p <0.05) and 
Collagen 3 [RQ 0.22], which are ECM specific genes have been shown to be 
upregulated. The Tenomodulin [RQ 1.2] (p <0.05) gene is tendon specific and 
highly expressed during tendon injuries and is correlated to TF proliferation and 
maturation (Docheva et al., 2005) as well as TGFb [RQ 0.55], which activates 
various signalling cascade. These gene expressions were higher as compared 
to the tFPCL-static and control.  
Mechanical force also leads to cellular deformation, biochemical signalling and 
cellular alignment in the tendon (Arnoczky et al., 2002). The tFPCL- static 
cellular morphologies were bipolar and stellate with nonaligned orientation of the 
cells ( section 3.2.6) . Although loading resulted in the stretching of the cells, this 
could be correlated to the non- loaded tFPCL (figure 35A) where cells were not 
able to stretch. On loading, tFPCL-cyclic resulted in the maximum cellular 
response along with a cellular strain gradient, in other words, relation between 
applied strain (10%) to the cellular morphology. Cellular deformation studies 
indicated that in tFPCL – cyclically loaded cell’s nuclei was deformed. Cellular 
deformation in the tendon is an indication that  the TF adapts to the mechanical 
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force and transmits it across without losing its mechanical dynamism (Arnoczky 
et al., 2002).  
The CFM and t-CFM have limitations in recording the force generated on the 
biaxial plane i.e. X plane (± x axis) but it will be interesting to see the force 
generation by TF in Y plane (± y axis) and Z plane (± z axis), which will give a 
clear understanding with regards to the role of mechanobiology of tendons in 
load bearing models in vivo.  
 
4.3 In vivo studies 
 
To date there is plenty of published research about various suture techniques 
and tendon grafts but most of these studies are performed ex vivo, in situ and in 
vitro. In the pre-clinical in vivo models, these techniques and grafts are not 
100% translated as they do not match up to clinical standards. However, there is 
an essential criterion to test these techniques in animal models before 
commencing clinical trials, which should exhibit an identical pathological 
response and anatomical structure close to humans.  
In this study animal models such as canine and galline were not considered as 
they do not match the human anatomy. Murine models are widely used for 
testing tendon  biomaterials and drugs but they are inadequate in certain growth 
factors and could initiate genetic mutations and diseases (James et al., 2008). 
Hence, it was advantageous to use the lapine model in small animals group to 
test this suture technique and partially loaded ET. 
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The posterior tibial tendon (PTT) was chosen as an implantation site as PTT 
was easy to access anatomically. It is the longest (average size 10-12 cm), as 
well as the strongest tendon (254.02N) in the rabbit hence it is an ideal tendon 
to test developed load bearing suture technique and 90% stress shielded  ET. 
An additional advantage of PTT was that as animals were actively mobilised, 
which could enable the loading of tendon post-surgery hence rapid integration 
and remodelling of ET could occur as compared to the unloaded tendon (Kjaer, 
2007, Legerlotz et al., 2007).   
 
4.3.1 Gross observation 
 
The grafts were avulsed from the proximal end of the control group due to the 
fact that all animals were active mobilised, which  has been reported before by 
Wada et al., (Wada et al., 2001). Hence in these animals, weak modified MK 
technique could not withstand physiological loading and mechanical forces 
exerted on them during locomotion. On the other hand, the modified suture 
technique was strong enough to withstand physiological load and ET was intact 
up to 12 weeks (Figure41).  
The key finding in this study was there was no adhesion of ET to the 
surrounding tissues and tendon was able to glide without any obstruction. The 
primary reason for this was that these animals were neither immobilised nor 
passively mobilised post-surgery. To support these findings, similar studies 
conducted on the flexor tendon in a  murine model showed that when mice were  
actively mobilised, the repaired flexor tendon cell biology initiated a standard 
wound healing response, however, tendons adhered to the surrounding tissue 
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due to scarring (Wong et al., 2009) and had limited motion after tendon repair 
due to moderate to severe adhesion  (MARSHALL, 1928).  
No adhesion formation in our model was visualised. We propose that, in order to 
initiate adhesion of tendon, three factors play a vital role:- active mobilisation, 
sutures and sheath excision. It should be noted that these factors individually, or 
in a combination of two do not evoke adhesion (Matthews and Richards, 1976). 
In this study, although animals were actively mobilised, ET was fabricated by an 
exogenous source of collagen whose surface mimicked tendon sheath. Hence 
sutures alone could not initiate adhesion formation. 
  
4.3.2 Mechanical properties  
 
Implanted ET should match the mechanical property of the native tendon at 
least up to biological break strength for it to be considered as a functional 
tendon graft. It has been reported that, various biological and synthetic tendon 
grafts gained mechanical and physical properties in vivo over a period of time 
(Mabe and Hunter, 2014, Berlet et al., 2014). But in this study mechanical 
properties of the repair and ET were decreased at 1 week as compared to time 
0. This was possibly due to an influx of the fluid from the surrounding tissue  as 
previously reported by Lovric et al., (Lovric et al., 2011) An initial inflammatory 
response   and immune cell infiltration were key factors  for weaker mechanical 
properties as reported by Mudera et al.,  (Mudera et al., 2007).  However  over a 
period of 3 weeks, mechanical properties of the repair  were  increased although  
AC was weaker than CC as cells were able to remodel the matrix by increasing 
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production of type I collagen and deposition (Liu et al., 1995, Huynh et al., 1999, 
Hooley and Cohen, 1979). This indicates better integration due to seeding of 
cells. At the end of 12 weeks, ET was reshaped ( diameter AC 8.34 ± 0.89 mm, 
CC 6.18 ± 0.71 mm) to size of native tendon  (Average diameter was 5.4 ± 2.3 
mm), collagen fibrils were matured and were to align themselves with the 
applied stress. At this point in time, higher levels of collagen were synthesised 
and cellularity was reduced (Figure 51) to obtain mechanical properties as 
reported by Sharma and Maffuli , Abrahamsson  and Hooley and Cohen 
(Sharma and Maffulli, 2006, Abrahamsson, 1991, Hooley and Cohen, 1979). All 
these characteristics are seen more in CC group than AC therefore it was 
beneficial to add cells in the ET. 
We propose here that an increase in the mechanical properties also  correlated 
to the actively mobilisation of the animals because when canine flexor digitorum 
profundus tendons were actively mobilised, they gained significantly higher 
mechanical properties than immobilised tendons in the  42 days study (Wada et 
al., 2001). 
In this study, an increase in  stiffness over period of time was  an important 
characteristic which defines its mechanical integrity and energy storing capacity 
of the ET  (Proske and Morgan, 1987). The increasing  stiffness could be 
correlated with increase in force transmission, energy storing and absorption  
capacity of the ET (Maquirriain, 2011), which we have seen better integrated by 
SEM in section 3.3.7 (Figure 54 and 55) The ET was able to obtain stiffness 
equivalent to the  native tendon but it would not get stiffer than the native tendon 
as stiffness is directly proportional to the cross sectional area (Proske and 
Morgan, 1987). In this study, measured diameter at 12 weeks was AC 8.34 ± 
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0.89 mm, CC 6.18 ± 0.71 mm, which is marginally equivalent to native tendon:  
5.4 ± 2.3 mm (described in section 3.3.5). 
In this study an interesting observation made that  for time 0 and 1 week repair 
failure point was at midsubstance (i.e. in between graft) whereas for 3 and 12 
weeks both AC and CC break point was at the junction (between ET and NT 
point) and also for 12 weeks there was significant different in mechanical 
properties between AC and CC (Figure 45) This signifies that ET was matured 
by cell induced remodelling by laying down neo-collagen which was confirmed 
by AFM studies (section )where more non-uniform collagen deposition was seen 
in the ET for time 3 and 12 weeks as compared to 1 week (Figure 56 and 57). 
The collagen maturation was manifested by polarised microscopy where 
increasing in the gradient of hues was associated with the birefringence at each 
time point (Figure 59). Matured collagen [(red) (9±2.1 %,26 ± 11.5 %,67±22 %) 
for CC and for AC (3±0.2 %,13 ±2% ,40 ±17  %) for time 1,3 and 12 weeks 
respectively ] indicated that collagen remodelling and graft maturation at 12 
weeks was higher than 3 and 1 week. 
  
4.3.3 Inflammation and cell infiltration  
 
 
In this study, ET was fabricated from allogeneic cells. An advantage of this cell 
source was off the shelf availability without any additional harvesting procedure 
from the autologous source, which causes donor site morbidity (Niklason, 2000). 
In contrast many researchers suggest use of autologous cell sources as 
allogeneic cells elicit increase inflammatory reaction over autologous cells.  
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Mahalingam et al., have performed ACL reconstruction by tissue engineered 
grafts using allogeneic cells in an ovine model and reported that after 6 months 
similar histological and mechanical properties to autologous cells (Mahalingam 
et al., 2015). 
A major concern in this study was about immunogenicity of the implanted ET   
graft as they were fabricated from an extra-xenogeneic source of collagen. 
Mudera et al., used these grafts in vivo in lapine model at intercostal spaces in 
nursery site proved their biocompatibility . Furthermore, these implanted  grafts 
showed migration of host endothelial cells resulting in angiogenesis and 
revascularisation (Mudera et al., 2007). However, in this study, endothelial 
docking and angiogenesis formation would have resulted in an impaired tendon 
graft as tendon is a poorly vascularised tissue (Fenwick et al., 2002, Engkvist 
and Lundborg, 1979).  Total RBCs were seen at 1 week were 15.1±5.54 and by 
3 weeks their count was reduced to 6 ± 2.1. At the end of 12 weeks total RBC 
count was (1.00 ±1.41). Hence here we have showed that in ET, angiogenesis 
and revascularisation was absent.  
We conclude that ET as tendon graft has mimicked native tendon vascularity in 
a lapine model. (It should be noted that rabbit PT tendon is avascularised 
tissue). 
Inflammatory response is the initiation of repair mechanisms in the tendon. This 
mechanism could be divided into three distinct phases:  
1. Early inflammatory stages in both groups AC and CC occur within a week 
of inflammatory cells such as neutrophils, lymphocytes macrophages, 
plasma cells and RBCs were infiltrated (Murphy et al., 1994, James et al., 
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2008, Lindsay and Birch, 1964, Oryan et al., 2014). In the AC group these 
cell count were subordinate to CC groups due to the immune reaction to 
the allogeneic implanted TF.  
2. The proliferative phase was initiated by migration of the immature and 
matured tendon fibroblasts in AC and CC with a reduction of the 
inflammatory cells and RBCs (Figure 5). Collagen was synthesised by TF 
(non-uniform collagen was synthesised, confirmed by AFM ,Figure 58) 
and increase in the mechanics and stiffness . 
3. The remodelling or maturation phase was initiated after 6 weeks of repair, 
and includes an increase in the production of type I collagen secretion by 
the seeded and proliferated mature TF. The process of remodelling the 
matrix was increased as overall; there was a decrease in the cell count 
which supports finding reported by Sharma and Maffulli (Sharma and 
Maffulli, 2006, Lin et al., 2004). Histologically the cell number of the TF 
was reduced which signifies that in ET,  TFs were responding to the 
mechanical forces  and adapting  to the physiological tension and initiated 
standard repair mechanism which has been  reported by Lin et al.,  (Lin et 
al., 2004). 
 
4.3.4 Collagen remodelling and maturation 
 
 
An investigation of this repair at fibril level was conducted to understand the 
remodelling mechanism and pattern of the collagen, which is widely used 
(Franchi et al., 2010). Collagen fibrils from the ET were remodelled in vivo at the 
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junction point over time. The characteristics of fibril remodelling varied 
depending on whether the engineered tendon was seeded with cells or was 
acellular.  
An abundance of non-fibrillar collagen was found in ET for the AC at both 1 
week and 3 weeks (Figure 57 B and C). This might be accounted for by the 
presence of cells depositing excess non fibrillar collagen. The presence of 
excess deposited collagen may explain why the topological difference between 
the AC and CC planes is smaller than for the acellular grafts.  The height of the 
cellular engineered scaffold consists of engineered tendon and deposited 
collagen. The height of the acellular engineered scaffold consists of just 
engineered tendon. Both cases are illustrated in Figure 58. This explains why 
the initial topological difference for the cellular scaffold is far lower than the AC.  
The topological difference across junction point for CC was far smaller than for 
AC for all time points (including week 1). Additionally, the topological difference 
was reduced over time for both cellular and acellular scaffolds reflecting 
increased integration of ET and NT over time.  
Fibril alignment is a crucial factor for gaining mechanical properties in the 
tendon. In the process of ET remodelling, collagen fibril density was increased 
and some degree of alignment was seen. The fibril alignment is dependent on 
the shear stress and length of fibrils which shows that there was grafts force 
supplied on the ET (Figure 56 and 57).  This supports finding about maturation 
of collagen fibrils in tendon under stress in animal models (Lanfer et al., 2008, 
Freeman and Silver, 2005). 
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 In this study we have reported that encapsulating cells with ET have improved 
mechanical property as compared to acellular therefore here we are proposing 
an illustration in Figure 62 about cell seeded ET and  conclude that cell seeded 
ET was able to lay down non fibrillar neo-collagen over time and decreased 
topological difference between ET and NT. These finding lead us to understand 
difference between mechanical characteristics of between cellular and acellular 
grafts as reported above (Figure 46). 
 
 
Figure 62 Illustration advantages of encapsulating ET with cells (CC) as 
they could lay down neo-collagen (deposition of non fibrillar collagen) and 
decreasing topological difference between ET and NT but this difference is 
significant in acellular group. 
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4.3.5 Analogy to present day tendon grafts 
 
This study would be incomplete if ET was not compared with readily available 
tendon grafts. There are various commercially available, FDA approved tendon 
grafts that have been tested in the clinical studies. 
4.3.5.1 Porcine small intestine submucosa (SIS) 
Chen et al.,  have used Porcine SIS and collagen type I/III bio-scaffolds to repair 
with autologous tendon fibroblasts to treat massive rotator cuff tendon defects in 
rabbit. Results showed that at the end of 4 weeks, histological analysis was 
inferior to the control groups but at end of 8 weeks reduction in inflammatory   
reaction and cellular response was identical to the native tendon. It was 
concluded that use of tendon fibroblast in the scaffold improved repair 
mechanism than  without cells (Chen et al., 2007).  
Iannotti et al., have conducted randomised control trial  on 30 patients for  
rotator cuff tear ( out of which 21 were  with massive tear  massive rotator cuff 
tear and 9 were with large tear) augmentation with porcine SIS.  No 
augmentation reported  in the treatment group and 4 out of 15 patients improved 
healing whereas in control group 9 out of 15 patients improved tendon healing 
(P =0.11), It was concluded that use of porcine SIS did not improve clinical 
outcomes and tendon healing. As per their finding, they have not recommend 
use porcine SIS for repairs of massive chronic rotator cuff tears (Iannotti et al., 
2006). 
Sclamberg et al., have repaired massive rotator cuff with porcine SIS. The MRI 
results at end of 10 months showed that 10 out 11 patients developed 
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recurrence of large, retracted tendon tears with 50% postoperative worse 
shoulder scores (Sclamberg et al., 2004). 
4.3.5.2 GraftJacket  
 
GraftJacket™ (Wright medical technology, TN, USA) is derived from the cadaver 
of human skin and chemically processed to remove excess components. This 
graft has been used for Achilles tendon augmentation, rotator cuffs and 
infraspinatus tendons in various studies. Results have shown significant 
improvement without changing muscle trophicity and have also shown reduced 
inflammation (Adams et al., 2006, Burkhead Jr et al., 2007, Lee, 2007, Dopirak 
et al., 2007, Bond et al., 2008, Coons and Alan Barber, 2006). Although 
GraftJacket is mechanically the strongest amongst the  commercially available 
tendon grafts and has improved orthopaedic scores with reduced inflammation 
(Barber et al., 2006), in all retrospective studies, 30%  of patients suffered from 
recurrent tear. It also lacks proper control with follow up time (Lee, 2007, Lee, 
2004). 
4.3.5.3 BioBlanket 
 
  
Sullivan et al., evaluated use of  BioBlanket (Kensey Nash Corporation, USA) in 
fascial defect in ovine models. Within 12 weeks it  was 100% absorbed by slow 
degradation which is advantageous for tendon healing. However, it has elicited 
significant inflammation response (Sullivan et al., 2008). 
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4.3.5.4 Zimmer patch  
 
 
The Zimmer patch, also known as Permacol™, (Tissue science laboratories, 
GA, USA) as a tendon graft has been used in retrospective studies which have 
showed improved repair and biomechanics (Badhe et al., 2008, Proper et al., 
2003). Although this graft is predominantly made up  of 93-95% collagen type I 
and able to match the mechanical properties of the native tendon, it has been 
reported that after surgery 100%  patients developed recurrent tears within 3-6 
months post implantation with significant chronic inflammation and fluid pooling 
(Soler et al., 2007). 
 
4.3.5.5  Synthetically derived graft  
 
Oryan et al., fabricated collagen grafts derived by electrospinning of collagen to 
treat 2cm Achilles tendon defect for 120 days. Results showed significantly 
increased fibrillogenesis, diameter and mechanically stronger when compared to 
control group (Oryan et al., 2014), but authors did not report degradation 
process and effect of toxicity on the native tissue. Additionally porosity and cell 
attachment to the synthetically derived collagen is questionable. 
 In the recent years many research groups are studying synthetic polymers such 
as poly-L-lactic acid (PLA), polylactide-co-glycolide (PLGA) and polyurethane as 
a substitute for tendon graft but, these grafts is not choice for clinicians as  graft  
degradation  process  and cellular toxicity is unknown.  
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4.3.5.6 Decellularised tendon graft  
 
 
Farnebo et al., reported use of decellularised tendon-bone composite grafts from 
Sprague-Dawley rats. At end of 2 and 4 weeks improved biomechanics and 
increase in B-cell and macrophage infiltration was noted as compared to control 
(Farnebo et al., 2014). Pan et al., have used decellularised tendon slices grafts 
to treat large defects in the infraspinatus tendons defects in rabbit models. 
Results at end of 12 weeks showed that tendon like structure formation with 
significant increase in tendon tensile strength (136.0N for graft  and 111.0N for 
defect group at 12 weeks) (Pan et al., 2014a). 
Decellularisation of tendon is an attractive technique to use native tissue with 
higher mechanical integrity but process of decellularisation is critical and there is 
still a requirement to refine it for clinical use. Also availability of these grafts is 
limited. 
 
Compared to the above current tendon grafting treatments, the ET with load 
bearing suture technique has inherent advantages:  
 ET was encapsulated with allogeneic cell source and fabricated with 
xenogeneic collagen source (rat tail tendon ), however it has proved to 
be biocompatible as tissue engineered tendon graft. 
 A major advantage of ET was that it was off the shelf, readily available, 
easy to handle and reproduce.  
 All of these tissue engineered grafts  (described in the literature) have 
improved mechanics and histology but are never able to succeed in 
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attaining  mechanical strength equivalent to the tendon (Longo et al., 
2010) whereas ET was able to improve mechanically over period of time 
and it has attended mechanical properties at least up to biological break 
strength (2.38N at 1 week and 51.87N at 12 weeks)  until the time  they 
were tested (12 weeks).  
 Cellular attachment to the scaffold is a crucial factor for the tissue 
engineered tendon graft. The advantage of ET was that it is able to 
mimic intact tendon’s cellularity (due to encapsulation on the cells during 
graft fabrication) (Figure 6). Seeding commercially available scaffolds is 
challenging because cells are not able to migrate in between collagen 
fibres and attached to the graft due to its diameter and porosity in the 
early stage of post implantation which compromises the mechanical 
integrity.  
  The ET had no adhesion (visual screening) to the surrounding tissue as 
adhesion formation is a common problem encountered by the tendon 
grafts. 
 Re-tearing is an issue  in the tendon graft (as reported in 4.3.5.1), 
whereas no re-tearing of the ET was reported as load bearing sutures 
were placed to load them off and only 10% strain was passed to ET 
which was required for graft maturation and integration. 
 It is economical as compared to the rest of tendon grafts. An average 
tendon autograft in the  US (handling and storage) costs   $5375/graft 
(Genuario et al., 2012) and  for commercially available tendon graft costs  
$15000-20000/graft ( as per NIH  database ,2014) but ET was fabricated 
<  50 $ per graft. 
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5 Conclusion and future work  
 
 
5.1 Conclusions 
 
 Load bearing modified suture technique (with prolene 3-0 for outer 
interlocking sutures and 6-0 for holding ET in a  place)   was able to load 
off ET in ex vivo, in situ and FEA models and was stronger in an applied  
load than MK suture technique  and able to withstand physiological strain 
(<10%). Interestingly, it was found by FEA modelling that ET was not 
100% stress shielded and 10% strain was essential for matrix remodelling 
and graft maturation in vivo.  
 Endogenous matrix tension was maintained by tensional homeostasis 
and also showed significant upregulation of matrix remodelling genes 
COL1 (RQ 7.2), COL3 (RQ 0.8), Tenomodulin (RQ 2.3), TGF-b (RQ 4.8) 
[p<0.05] and Cellular deformation studies indicated that in tFPCL – cyclic, 
cell’s nuclei was deformed, along with cell membrane, demonstrating cell 
response to mechanical load and cellular alignment under 10% applied 
cyclic strain. 
 At the end of testing period (1, 3 and 12 weeks), ET showed bridged 
integration of the graft without any adhesion formation with significant 
increase in the mechanical properties [35.02 ± 2.1 N (p< 0.05) for 12 
weeks and 3 weeks as compared to 1 week. Histological analysis showed 
that tendon fibroblasts from the native tendon were able to migrate into 
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the graft with higher collagen remodelling and graft maturation at 12 
weeks. Insertion of tissue engineered collagen graft using a novel load 
bearing suture technique which partially loads the graft in vivo showed 
integration, greater mechanical strength and no adhesion formation in the 
time period tested. 
 
5.2 Future work 
 
 
In this study we have successfully tested and proved pre-clinical in vivo model that ET 
can be ideal substituent for the tendon graft.  
 As a tissue engineered prospective, we need to study whether this method can 
be used to fill tendon gap > 1.5cm. 
 Further investigation needed to understand efficacy of other cell type such as 
Mesenchymal stem cells (MSC) over allogeneic cells in ET and their repair 
mechanism.  
 To use this graft in human clinical trials, we need to further investigate   
immunological response to the xenogeneic source of collagen although this can 
be achieved by developing clinical grade collagen.  If this is successful then we 
can use ET as tendon graft  worldwide and overcome problems encountered by 
present day tendon graft. 
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